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the degree o f  Doctor o f  Philosophy, 

A numerlcal procedure f o r  c a l c u l a t i n g  the molecular 
f low parameters from d l r e c t  physical  approach has been 
developed, The procedure has the mer i t s  o f  being accurate 
and f l e x i b l e  On cornparfson w i t h  the In teg ra l  equation 
approach, y e t  It has the s i m p l l c i t y  o f  Monte Carlo method, 
In pa r t  ScuBaro the e f f e c t s  o f  sub1 imfng sur face re f lec t ion ,  
channel wa l l  r e f l e c t i o n  and molecular c o l l f s f o n  i n  
c y l i n d r i c a l  channels are taken i n t o  account i n  the 
non-obstruct ion fac to r  ca lcu lat fons,  The same procedure i s  
extended t o  compute the mass and t h r u s t  non-obstruct ion 
fac to rs  f o r  conQc channels, The resul  tan t mol ecul a r  
non-obstruction fac to rs  and the evaporat ion c o e f f i c i e n t s  are 
employed l n  the t rans len t  thermal analyses o f  an e rec t i ng  
she l l  and a sublfmlng mic ro th rus ter  proposed f o r  o r i e n t a t i o n  
and desplnntng o f  a small so la r  probe, Transient numerical 
so lu t tons  of zero t o  two dimension heat conduction equations 
for both the non- l inear and moving boundary cond i t ions  are 
Involved I n  the analyses, The geometry o f  a mlcro thrus ter  
u t l l l l z f n g  the subltmfng mater ia l  and rad  ofsotopes i s  
optlm3zed by the above numerical procedure, 1 pha-emi tt i ng 
radfotsotopes, On add i t i on  t o  supply ing t h  heat and th rus t  
f o r  a mlcrothruster,  are found t o  improve he performance o f  
an e rec t i ng  she l l  deslgned t o  damp out  undesired 
precesstonal motions by s l g n i f l c a n t l y  Increas ing the optiimum 
sp in  rate,  FBnally, the app l lca t ioqs  o f  the e r e c t i n g  she l l  
and the subl3ming mic ro th rus ter  t o  the a t t l t u d e  cont ro l  o f  
.the NIT 'S  Sunblazer appear very a t t r a c t i v e  On several 
aspects, Their  f u t u r e  ro les  fin the a t t i t u d e  cont ro l  o f  
small so lar  probes are discussed I n  some de ta i l ,  
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CHAPTER 1 

SUMMARY 

The present study was spurred by the f a s c i n a t i o n  and 

the chal lenge o f  des%gn%ng a passive a t t l t u d e  con t ro l  scheme 

fo r  m a l l  so la r  probes o f  the Sunblarer &zl type, The 

perforrnance of the s o l a r  c e l l s  employed f o r  e l e c t r i c  power 

and of  the antenna used f o r  comrnunlcatlons can be improved 

S f  such small probes can be o r ien ted  and the des i red 

o r % e n t a t % o n  ma%nta8ned0 The usual o r i e n t a t i o n  d i r e c t s  the 

s o l a r  c e l l s  toward the sun and antenna toward the ea r th  

dur lng  super ior  conjunction, t o  ob ta in  maximum power and 

antenna ga lno  

The problems o f  passive o r i e n t a t i o n  o f  sola probes 

d i f f e r  from t h a t  f o r  passive e a r t h  s a t e l l i t e s ,  s nce the 

so la r  g r a v i t y  g rad ien t  and the so la r  magnetic f i e l d  are too 

I n s l g n l f i c a n t  t o  be ob p r a c t i c a l  use 'in a t t i t u d e  cont ro l ,  

As a r e s u l t o  so la r  radiation becomes the on ly  d i r e c t i o n a l  

energy source ava i l ab le  f o r  so la r  probes, The approximately 

col i l fmated solar r a d i a t i o n  w i l l  induce an asymmetr 

temperature distslbutlon around a sp%nn%ng spacecraft,  

The t w o  p r i n c i p a l  ob jec t i ves  In  t h i s  work were 

study the app l i ca t i ons  o f  radioisotopes and sub1 

' o f  

( 1) 

m i  ng 

rnater la ls  t o  magnify the e f f e c t  o f  t h i s  temperature 

asymmetry so t h a t  the spacecraf t  can be forced t o  o r i e n t  

toward the sun r a p i d l y  and r e l i a b l y ,  and ( 2 )  the 



opt8m!ta%%on analysls o f  a sub19mlng rnfceothruster for  use 

On the % n ! t t a l  d e ~ ~ ~ m n ~ n ~  the spacecraf t  a f t e r  In jec t l ion  and 

fn long term a t t i t u d e  contro l ,  Other requi red studles 

re la ted  t o  these objecallves were: (31 %he app l l ca t l on  o f  a 

modified Monte Carlo technllque t o  Knudsen o r  molecular flow; 

(41 the varllous numertcal so lu t i ons  Q l n v o l v % n g  from zero t o  

t w o  d%mens%ons.l sf  the parabo l ic  p a r t i a l  d i f f e r e n t i a l  

equation f o r  heat t rans fe r  w i t h  non-llnear and moving 

boundary c o n d ~ ~ ~ o ~ ~ o  

A spDnnBng cylindrical s h e l l  under the so la r  r a d i a t i o n  

w f i  l develop an a s ~ m ~ e t r ~ c  temperature d i s t a l  bu t ion  around 

the shell% as shown I n  FOgure l b o l  due t o  the fac t  t h a t  %he 

so la r  i n tens t t y  om the she l l  surface is not uniform--rather 

Ilt Is near ly  a ~ a l f ~ ~ e c ~ ~ ~ ~ ~ d  s inusoid a t  any po int  on the 

she l l ,  The t rans len t  ~ e ~ ~ ~ r a ~ ~ ~ ~  soluhlon can be 

approwlmated, depending on the problem, by Ignor ing  the 

c l rcumfeaent la l  heat conduction ef fect ,  o r  the rad ta l  heat 

conduction effect ,  or by assuming no thermal conductton 

e f f e c t  a t  a l l ,  The r e s u l t s  obtained I n b  cated t h a t  f o r  a 

t h i n  meta l l  Oc s h e l l ,  the zero-d!mension, or StrOp 

Appaoxlmation, Os as good as the  ~ m d ~ ~ e n ~ ~ Q n ~  o r  T h i n  Shel l  

Approw !I mat K on However, i f  thickness increasesQ the 

smoothening e f f e c t  due t o  the ~ ~ ~ c u ~ f e r e n t ~ a ~  heat t rans fe r  

a1 so 1! ncreases, For such casesQ the Thin Shel l  

Agprox!rnat!on Bs recommendedo For a non-conductive she1 1 o f  

15 



any s%gn%fScant  thickness, the Th8ck Shell, or  r-dImens%on, 

A ~ p r ~ x ~ ~ a ~ ~ ~ n  i s  needed t o  account f o r  the s i g n i f i c a n t  

temperature gradient: across the she1 1 thlckness, For the 

types of desllga ~ a v e s t ~ g a t e d ,  the S t r i p  ~ p r o x ~ m a t ~ o n  i s  

su t tab le  for a bore s h e l l  and sadlo%sotope-heated shel l ,  bu t  

the Thick She13 ~ ~ p r o x ~ ~ a t ~ Q n r  i s  d e f i n i  y requ l red  f o r  a 

~ u ~ ~ ~ ~ ~ a ~  ~ ~ t e r ~ ~ ~  coated she l l ,  !as add l t l on  t o  the above 

translent numerical methods, f i r s t :  order a n a l y t i c  

approxlmat8ons t o  the quasi-steady s t a t e  solutlons were 

obta%ned, These anralytlc so lu t ions  have an inherent 

uncer ta in ty  o f  about twenty- f ive percent, b u t  they are very 

usefu l  f o r  p a r a m e ~ r ~ c  analysts, i n  par t i cu lz i r  foe the 

dotermlnation o f  the optimum sp ln  r a t e  a t  which the 

resu l tant  fo rce  normal Bo the so la r  r a d l a t l o n  1s a maxOmum, 

The steady s t a t e  temperature d i s t r l  but !  on typ!  call 1 y 

resembles a skew siinusoid whose maxPmun Bags behind the 

maxlmurn so la r  lintesas%ty as shown I n  Figure l , f ,  A ne t  

thermal re rad la t l ve  fo rce  r e s u l t s B  which has a component 

normal t o  the so lar  d i rec t i on ,  This norma fo rce  component 

can be employ d t o  erect the spacecra loco, reduce the 

precession cone angle, The optimum s te Os obtained by 

maxlmla~ng the fa'llowing i n teg ra l  fo r  e normal f o rce  w i t h  

respect t o  the s p i n  r a t e  

where T(td88) i s  the steady s t a t e  ~ e r n ~ e ~ a ~ u e e  d i s t r i b u t i o n  

for  s p i n  rateW, as shown cmputed r Figure 2,f by the 
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numerical method or  by the following approximate a n a l y t i c  

express Ion, 

The temperature d i s t r%bu t IQn  f o r  any sp ln  ra te  can be 

char&ter$sed by three parametersB the average temperature 

T(&)avg I the amplltude factor,  M ( U 1 ,  and the phase lag, 

\kk~), Both the a n a l y t i c  and the numerical so lu t ions  t o  the  

above op t im tza t l on  have been obtained, The r e s u l t s  are: (1) 

for a bare t h i n  shel l ,  the optimum s p i n  i s  about a f e w  

tenths of a rpm (whlch % e  so slow as t o  be marginal from 

dynam8cs p o i n t  of view); ( 2 )  f o r  a radioisotope-heated 

shel l ,  the optimum sp ln  i s  about a few r p m  (wh%ch 1s q u i t e  

feasible);  ( 5 )  for a subl imlng coated shel l ,  the optimum 

spIn 1s on ly  a few hundredths o f  a rprn (whlch is too low t o  

be operat ive),  The corresponding maximum normal forces per 

u n l t  he igh t  o f  the she l l  are (1) dyne/cm for a bare 

shel l ;  ( 2 )  about 20% higher f o r  a heated shel l ;  (31  i n  the 

order of f e w  hundred dyneicm (note t h a t  even a t  3 rpm, which 

Is well above the optimum spln, the normal fo rce  fo r  a 

subl lmlng she l l  1s about 1 dyne/cm), 

The t rans len t  behavior o f  these devices have been 

analyzed i n  de ta%l ,  The t rans len t  temperature maxOmum, 

mln lmum and phase l a g  as we l l  as the normal and p a r a l l e l  

forces generated a l l  exh ib i t ed  damped oscPl la t ions  such as 

shown i n  Figures 3.,2& l03, P o 4 - o  1,s and I060 The t rans fen t  

usua l ly  l as ted  no more than an h o u r  provided the a t t l t u d e  

was f ixed, However, dur ing  actual  s tab i l i za t i on ,  the 



a t t i t u d e  is  changing, therefore, the temperature 

d i s t r i b u t i o n  i s  expected t o  be i n  t rans ien t  constant ly,  

To opt imize the performance o f  en e rec t i ng  she l l  as a 

p k i v e  con t ro l  system f o r  a so la r  probeB i t  i s  necessary t o  

b r fng  the spacecaaft t o  about the optimum sp in  rate, 

Howeverb the o r l g i n a l  f a s t  spinning spacecraft cannot 

rel.lablly be despun t o  the des i red sp in  range by a YO-YO, 

which 1s a sllmpls device designed t o  absorb the sp9n angular 

momentum f r o m  the spacecraft,  

As a resul t ,  a subl lmlng mic ro th rus ter  Is proposed f o r  

ther  despln, The general con f i gu ra t i on  f s  shown On 

F t gure 107, The subl imat ion heat i s  suppl ied from 

radiOfSQtOpiG heat generated by a t h i n  coat ing o f  long- l ived 

radlotsotope a t  the bottom o f  the cup and from a small 

concentrat ion o f  sho r te r - l f ved  rad io isotope mixed i n  w l th  

the sub1 imino mater fa l  

The temperature d i s t r i b u t i o n  Is very important so tha t  

the t rans ten t  s o l u t i o n  of a heat conduction equation Os 

necessary, The simple cy1 l n d r l c a l  cup design was analyzed 

0 t h  e x p l i c t t  and the I m p l i c i t  d i f f e rence  schemes t o  

ob ta la  the t rans ien t  temperature d i s t r i b u t f o n ,  The r e s u l t s  

we1 1 , Howeverd because o f  the moving boundary 

due t o  surface sublfmation), the l lmp l ic l t  method 

appeared,superior, For 4 sophfst icated design such as the 

chopped cone mic ro th rus ter  the de ta i  l ed  temperature 
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d t s t r i b u t t o n  requi red so lu t fon  OF the two-dimension 

t rans ien t  heat f l o w  equation, An AD i 

~Altetnate-Direction-impl i c l  t) technique was employed, Due 

t o  tbe non-rectangular geometry, there was a numerical 

I n s t a b f l f t y  t im i ta t i on ,  which however was no t  too ser iouso 

In general, for a ra ther  re f ined mesh net, a time step o f  

i s  qu i te  stable,  

Emphasis dur ing  the mic ro th rus ter  study was placed I n  

the op t im iza t ion  o f  performance, The t o t a l  t h rus t  cmes  

from the summation o f  normal momentum (mv*cos@) o f  a l l  the 

e x i t  molecules per u n i t  time, B y  vary ing  the nozzle cone 

angle i n d  I t s  length, the (cos8) fac to r  can be approached 

toward un i ty ,  The numerical technique developed for  the 

molecular f l ow  study and mentioned i n  Sect ion l,8 was 

adapted t o  analyze t h i s  problem, The r e s u l t s  are shown i n  

Flgures 1,8 and 1,9, 

To Improve performance fu r ther ,  the (m*v) fac to r  o f f e r s  

a t t r a c t i v e  p o s s i b f l i t i e s ,  If the nozzle wa l l  i s  heated 

rad fo iso top fca l l y ,  the average speed o f  the molecules and 

hence the th rus t  can be increased because the molecules 

adsorbed by the wa l l  w i l l  receive the thermal energy from 

the heated wal l ,  T h i s  f a c t  is shown I n  Figure lolO, In 

addittan, performance could i n  general improved by molecular 

d issoc iat ion,  bu t  t h l s  phenomenon was not  taken I n t o  account 

l n  t h l s  study because a t  the temperatures considered here 

the d i ssoc ia t i on  e f f e c t  is neg l i g ib le ,  
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Problems o f  molecular f l ow  are i m p l i e l t l y  re la ted  to. 

the present study through two dimensionless q u a n t i t i e s  (1) 

the evaporation coe f f i c i en t ,  which I s  the r a t l o  o f  molecules 

ublimed from a surface t o  the theo re t i ca l  value, 

and (21  the non-obstruct ion factor,  which i s  the r a t i o  of: 

f l e d  gigs (mass o r  momentum) f l o w  r a t e  through a wal led 

ne1 t o  the r a t e  f o r  the case no channel wa l ls  are 

present, the c lass i ca l  apprbach o f  so l v ing  Clausing*s 

i n teg ra l  equat ion (,A&, has l i m l t e d  so lu t ions  t o  simple 

annel geometries an ea 1 I zed m o l  ecul ar beh av i or s 

In pr lnc lp le ,  a s t ra igh t fo rward  Mante Car lo method 

cou ld  be app l ied  t o  t h i s  problem, HoweverB i n  tr 

ch molecule, three or  f ou r  random numbers are 

rmine Its o r  Ien ta t  ion as we1 1 as i t s  energy, 

pending on both  the channel geometry and the assumed 

le in teract ions,  ny more ran numbers are n 

umber o f  case h i s t o r  Is t o  be considered, 

y 'is no t  obta inable w i t h i n  p rae t i oa l  c 

reases r a p i d l y  w i t h  increas ing 
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channel length, This d i f f i c u l t y  I s  very s i m i l a r  but  no t  as 

complleated as c a l c u l a t i o n  o f  the deep penet ra t ion  of the 

nuele&r rad ia t i on  through a t h i c k  shield,  

To deal w l t h  the problem, the f o l l  d Mo 

Car lo  method was developed, Molecules en te r ink  a channel 

a re  assumed t o  f l ow  from a f i n l t e  number ( a  few hundred) of 

p o i n t  sources f rom which the molecules are emi t ted w i t h ,  a 

Maxwell fan d i s t r i b u t i o n ,  The t o t a l  angular d l s t r i b u t l o n  

from each p o i n t  source i s  d f v fded  i n t o  many groups each o f  

which Is character ized by a po la r  angle, an azimuthal angle, 

and an &plO tude according t o  the d i s t r i b u t i o n  func t i on  

(note expected values are used), The f a t e  o f  every 

molecular beam bundle Is fol lowed and i s  recorded, Those 

molecules adsorbed by the channel wall requ i re  f u r t h e r  

t rac fng  because a t  steady s t a t e  they w i l l  be reemit ted as 

f i s t  as they are adsorbed, A spher ical  cosine Is assumed 

fo r  these reemi t ted molecules, Their  f a t e  is found by 

consider ing the p r o b a b i l i t i e s  of the var ious f a t e  o f  each 

molecule reemi t t e d  from any posi  t l o n  I n  the channel ,, 

The mathematical variance o f  t h i s  method Is no t  

analyzed here, bu t  i n  comparison w i t h  r e s u l t s  obtained by 

other methods f o r  two s i m p l i f i e d  assumptions (J&.;t.ZIO t h i s  

method g ives exce l l en t  agreement; see Tables 1,l and 1,2, 

The main advantage o f  the new method l i e s  i n  i t s  f l e x i b i l i t y  

both t o  account f o r  complex molecular i n te rac t  ions and 

re f l ec t fons  from surfaces and t o  be adapted t o  channels o f  

non-uniform cross section, 
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The r e s u l t s  f o r  the sub1 imat lon surface r e f l e c t i o n  

effect, the molecular c o l l i s i o n  e f fec t ,  and the conic 

channel e f f e c t  are shown i n  Figures lolld 1,12 and lo130 

Using these accurate channel obs t ruc t i on  ef fects ,  the raw 

d k a  from mass-flow experfments (J&> can be i n te rp re ted  t o  

produce accurate values f o r  the evaporat ion coe f f i c i en ts ,  

The r e s u l t  o f  a sample c a l c u l a t i o n  i s  given I n  Figure 1,14, 

The evaporation c o e f f i c i e n t  i s  essent ia l  i n  determining the 

heat i n d  mass t rans fe r  on a system us ing  a subl iming 

mater ta l  such as the e rec t i ng  she l l  and the microthruster ,  

As a dynamical model a small so la r  probe such as 

Sunblazer 8s analogous t o  a spinning top under g r a v i t y  w i t h  

eptl lon t h a t  the so la r  pressure ac ts  l i k e  a negat ive 

g r a v i t y  torque, Assumfng the nu ta t l on  o r  the wobble has 

been taken care by a viscous damper, the a t t l t u d e  con t ro l  t s  

uced t o  the problems o f  despin and precession damping, 

Two paKrs o f  microthruster  cups loaded w l th  about one 

pound of subl iming mater ia l  cou ld  sp in  the spacecraf t  from 

200 rp.m t,o few rpm i n  less than a dayo Howeverd i f  the 

, .  

m ic ro th rus ter  i s  used t o  supplement the ac t i on  o f  a YO-YO, 

the requirement for subl iming ma te r la l  8s reduced t o  a 

f r a c t i o n  o f  a pound, The long-term t h r u s t  from a coat ing  o f  

alpha emi t te r  a t  the bottom o f  the cup is about a thousand 

times smal ler  than the th rus t  by sub l imat lo  Unless the 

m i  c ro th r~us ts r  Is mechan i c a l l  y turnabl  e, the res I du 
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of about 1 dyne-cm w i l l  cont inue t o  change the sp in  rate, 

As the r a t e  o f  sp in  i s  reduced t o  the optimum region, 

the e rec t i ng  torque generated by an e rec t i ng  cylindrical 

t l  reaches a peak, For a she l l  coated w i t h  subl iming 

even a t  the non-optimum sp in  o f  a f e w  rpmr the 

resu l tan t  e rec t l ng  t w q u e  i s  enough t o  e r e c t  the spacecraft. 

I n  a few hours, For a bare shel l ,  a t  the optlmum s p i n  r a t e  

(@,37 rpm), the  e rec t i ng  per iod  Is l n  the neighborhood of 

weeks, F l n a l l y  f o r  the radistsotope-heated shel l ,  the 

e rec t l ng  torque I s  only s l i g h t l y  l a rge r  than tha t  o f  a bare 

shel l ,  but  the opt imum spin Increases several fo ld ,  S i nce 

t h e  r a t e  of e rec t i on  Is approximately p ropor t iona l  t o  the 

r a t i o  o f  e rec t i ng  torque t o  sp in  rate, the  e rec t i ng  pe r iod  

increases t o  about f Ive weeks, 

Other a t t i t u d e  con t ro l  procedures, us ing an e rec t i ng  

she l l  and/or mtcrothrusters,  can be desfgned f o r  small space 

probesa They may be completely passive, seml-passive, o r  

even ac t i ve  such as by synchronizing the tu rn ing  o f  the 

mic ro th rus ters  as the vehfc le  ro ta tes  so tha t  a des l rab le  

averaged precession torque and e rec t fng  torque resul to 

(1) The asymnetrlc temperature d i s t r f b u t l o n  around a 

cy. l indr iea1 s h e l l  Is very su i tab le  f o r  generation of 

erec t i ng  torque t o  s tab l t ze  so la r  probes, Since the 

t rans ien t  pe r iod  1s shor t  compared w i t h  the  despin per iod  

fo l l ow ing  exposure o f  the s h e l l  t o  the so la r  radiat ion,  i t s  
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e f fec ts  were ignored f o r  the present study, I n  de ta i l ed  

dynamlcs analysis, the t rans ien t  e f fec t  always e x i s t s  dur lng 

the s t a b l l l z a t i o n  pe r iod  because the a t t i t u d e  o f  the 

spacecraft i s  cont inuously changing, 

( 2 )  A subl lming mater fa l  coated she l l  Is by fa r  the 

fastest  e rec t l ng  devlce but  Is a lso  the most shor t - l ived,  

The radlotsotope-heated she l l  i s  capable o f  the l e a s t  

e rec t i ng  r a t e  bu t  i t  i s  long-1 ived  and can be operated a t  a 

higher spin r a t e  where d i s t u r b i n g  torques are not  l i k e l y  t o  

dis lodge i t s  o r len ta t ion ,  

(31 The numertcal technique developed f o r  the 

non-obstructton fac to r  ca l cu la t l ons  o f  molecular f low i s  

very f lex ib le ,  accurate, and can include complex physical  

phenomena, 

ca l  cut a t  i ng 

It should a l so  be app l icab le  t o  the problem o f  

neutron and gama ray streaming through gaps o r  

baam-ports, 

( I s )  The modi f led Monte Carlo technique seemed t o  be 

very appropr iate f o r  ana ly t tng  the vapor f low f o r  the 

microthruster ,  The technique e l  irnlnates many unnecessary 

complex mathematics, The r e s u l t  c l e a r l y  po in ted  the ways t o  

improve the design o f  a microthruster ,  

( 5 )  The app l ica t ions  o f  the above devIcesb w i th  proper 

feed-back con t ro l  mechanism, can be extended t o  a wide 

va r ie t y  of s a t e l l i t e s ,  I n  pa r t f cu la r ,  a p a i r  o f  

micro thrus ters  can produce torques i n  a l l  three body axes t o  

con t ro l  the a t t  1 tude o f  a 1 i,ght spacecraft,  
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FIG T.1 I STEADY STATE TEMPERATURE 
DISTRIBUTION AROUND A BARE SHELL 
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FIG 1.21 - TRANSIENT MAXIMUM 
TEMPERATURE OF BARE SHELL 
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FIG 1.3 TRANSIENT MINIMUM 
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FIG 1.4 TRANSIENT PHASE 
LAG OF BARE SHELL 
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FIG 1.5 TRANSIENT NORMAL FORCE 
COMPONENT FOR BARE SHELL 
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4,! 

FIG 1.6 TRANSIENT PARALLEL FORCE 
COMPONENT FOR BARE SHELL 
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FIG 1.7 SCHEMATIC DIAGRAM OF 
SUBLIMING MI C ROTHRUSTER S 
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FIG 1.8 OPTIMIZATION OF CONE ANGLES 
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FIG 1.9 
EXTRAPOLATION OF THROAT AREA 
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FIG 1.10 

I- 

HEATED NOZZLE EFFECT ON 
THRUST NON-0 BST RUCTION FACTOR 
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FIG 1.11 SUBLIMING SURFACE 
REFLECTION EFFECT 
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FIG 1.12 MOLECULAR COLLISION EFFECT 
ON NON-OBSTRUCTION FACTOR 
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FIG 1-13 
NON-OBSTRUCTION FACTORS 
vs L / R  FOR 45’ CONE 
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FIG 1.14 
EXTRACTION OF EVAPORATION 
COEFF FROM MASS FLOW DATA 
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TABLE 1,l 

~ O ~ m O 6 S T R U C T ~ O ~  FACTOR OF C Y L I N D R I C A L  TUBES 
WITH R E F L E C T I O N  C O E F F I C I E N T  EQUAL TO ZERO 

K-M 
( T H I S  WORK) 

0080170 

0,67192 

0,58165 

0,51486 

0,41974 

0,35619 

0,31074 

0 , 27823 

K 
( CLAUS I NG 

0,8013 

0,6720 

0,5810 

0,5136 

0,4205 

0,3589 

0,3146 

0,2803 

Q 
(DEMARCUS) 

0,80127 

0,67198 

0 , 58148 

0,51423 

0,42006 

0,35658 

0,31053 

0,27547 
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TABLE 1,2  

MOW-OBSTRUCT1 ON FACTOR OF CY L I  NDR I CAL TUBES 

WlTH REFLECTING WALLS BUT NON-REFLECT1 NG ENDS 

For l /R42 ,0  

r Q K-# 

(DEMARCUS) ( T H I S  WORK) 

000 0 ,51423  0 , 51486 

0,2 0 ,58247  0 , 5 8 2 3 7  

0 0 4  0 ,65890  0 ,65651  

0 0 6  0,74690 0 ,74163  

0 0 8  0 ,85412  0 , 8 4 4 8 3  

l o 0  1 , O O Q Q O  1 , Q O O O O  

K -- SEE REF,  (16) 

Q -- SEE REF,  (17) 
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CHAPTER 2 

I NTRODUCT I ON 

The Sunblazer s a t e l l  i t e  which i s  be ing  

Hnd develdped a t  the  en te r  for Space Research o f  M o I o T o  

w i l l  be used t o  map the  charged p a r t i c l e  dens i t y  iin the 

v i e i n t t y  o f  the- sun and study the so la r  corona and magnetic 

f i e l d e  This small spacecraft i s  t o  be powered by l a r  

which supply an average p r o f  about 20 wat ts  o f  

i c l t y  t o  a mu l t r - f requ  y pul sed-transmi t t e r  and 

her e l e c t r o n ?  The t ransmi t te r  Is destgned t o  rad  

several  pu lsed aneous 1 y wh I ch w d a r r i v e  a t  

r s  on Earth delayed In t ime by dl erent  amounts due 

d l spe rs i ve  nature o f  the  i n  p lanetary  charged 

0 

t c h a r a c t e r i s t i c  o f  t h i s  spacecraf t  i s  I t s  

rona e l e c t r o n  . 

The success o f  the 

ds upon l t s  a b l l f t y  t o  o r l e n t  i t s e l f  
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j e t s  o r  reaot ion  wheels which requ i re  ac t i ve  on-board 

1 systems, However re1 i a b i l  i t y  

t a t e  a system w i th  a mum o f  moving 

passive) wh i l e  m i  

t system whfc 

he pe r iod  o f  

concerned h the design o f  

etrograde injectSon, i o e o q  taunchfng the rocket 

s o r b i t a l  ve loc i ty ,  the 

1 i n t o  a h e l i o c e n t r i c  o i t  w i t h  I t s  

n less than 1 AU (lee,, om an i n f e r i o r  orb! A 

t yp l ca l  Sunblazer o r b i t  In  an e c l i p t i c  p ro jec t f  in  

g and sun-oriented coordi  tes, such tha t  

-Sun 1 ine  s f ixed, is shown in  F i  The 

conjunct ion Is o f  greatest  

ime t o  super ior  co 

1 should be made as 

possibleo However, the shor te r  the super ior  

i on  time, the la rge  the. baos t e r  

e r i h e l i o n  4s t o  the suno 

problems Qf both spacecraf t  

11  degradation probl  emso 



The transmission o f  pulsed s lgna ls  a t  super ior  

on i s  p a r t i c u l a r \ l y  important f o r  determining e 

e lec t ron  dens i t i es  i n  the so la r  corona, Unfortunatel  y e  a 

munlcation b lackout  reg lon (2, 8 which i s  a func t ton  o f  

solar a c t i v i t y  as we l l  as the transmission power, ex fs t s  

near occu l ta t ion ,  In  order  t o  minimize the blackout period, 

i t  i s  h igh l y  des i rab le  t o  p o i n t  the spacecraf t  d i r e c t l y  a t  

sun SO t h a t  during super ior  conjunct ion the so la r  c e l l  panel 

and antenna are fac ing  the SUR and earth, respect ively,  

which w i l l  cause both the e l e c t r i c a l  power and the antenna 

gafn towards the ea r th  t o  reach a peak, The present study 

Is concerned w l t h  passive a t t i t u d e  con t ro l  devices s u i t a b l e  

f o r  t h i s  type o f  so la r  probe, The performance o f  the 

proposed devices are discussed i n  Chapter 4 and Chapter 5, 

Under d i r e c t  in jec t ion ,  the probe w i l l  assume a 

super ior  o r b i t  (w l th  the apehelion greater  than 1 AU), 

Severval d i f f i c u l t i e s  a r i s e  t o  a f f e c t  the a t t i t u d e  cont ro l  

d i r e c t l y  o r  i n d i r e c t l y ,  O w i n g  t o  the increas ing excess 

v e l o c i t y  requfrement f o r  a super ior  orb1 t in ject ion,  the 

payload has t o  be kept  small, On the  other hand, because o f  

the l a rge r  o r b l t  and the longer mission time, the so la r  

f n tens f t y  decreases wh i l e  the transmission power and the 

o r i e n t a t i o n  requlrement increase r a p l d l y  w i t h  dfstance, 

Consequent-ly conceptual designs which depend upon so la r  

r a d l a t f o n  for power generation and o r i e n t a t i o n  probably can 

no t  be appl fed for super ior  o r b i t  missions, Some o f  the 

poss ib le  so lu t ions  are discussed i n  Chapter 60 
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. .  

2 , 3 0 1  General 

c ra f t ,  t 

ion, prece 

e force- f ree 

precess Jon, i s t motion o f  a spinning 

about a f i x  ax i s  i n  the absence o f  

ues. Precession i s  t ha t  mot ion o f  a spinning 

body which r e s u l t s  from an external  torque. 

t he  present study does no t  consider nu ta t i on  damping 

beca a simple, 1 Eght weight, viscous l i q u i d  damper such 

an annulus p a r t i a l l y  f i l l e d  w i t h  mercury and mounted 

c e n t r i c  w i t h  the sp in  axis, a t  a p o i n t  o f f  the ax fa l  

. . -  

center  o f  g r a v i t y  can e f f e c t i v e l y  d i ss ipa te  the nuta 

energy SAL This i s  t rue  on ly  i f  the spacecraf t  i s  

sp inn ing about the ax i s  o f  l a rges t  moment o f  i n e r t i a  (21 

because the  r e s u l t i n g  conversion o f  k i n e t i c  energy i n t o  heat 

ugh viscous damping mu eventual ly  b r i n g  the body i n t o  

a minimum-energy state,  (Note the terminal  r o t a t  lonal  

k1netS.c energy i s  f = l W z / / 2 =  ti”/@I), where H Is the constant 

angular momentum; far  mfnimum T, the moment o f  i n e r t i a  t 

t be maximum), Unfortunately, t h i s  nu ta t i on  damper i s  

Incapable o e precess i onal t f o n  because 

ing usua l ly  generates no ex te r  1 torque t o  

change the angular momenturn o f  the spacecraft, 
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Assumtng the nu ta t i ona l  motion can be r a p i d l y  damped 

out by an annular l i q u i d  damper, the a t t i t u d e  con t ro l  

problem I s  reduced t o  t h a t  o f  sp in  con t ro l  and precession 

damping, 

A complete a t t i t u d e  con t ro l  system must have the 

c a p a b i l i t y  t o  produce torques about a l l  body axes o f  the 

spacecraft, these are the sp in torque, the precession (or 

res to r fng)  torque, and the e rec t i ng  t o r  precession damping) 

torque, The post t i v e  sense o f  each torque f s def fned as 

shown i n  F igure 2,2, 

2,3,2 Restor ing vane 

Falcovl  t z  [.&I has shown tha t  a sun-orb1 tOng spacecraf t  

can be designed t o  take advantage o f  solar pressure Ci,e, 

photon momentum) for  a t t i t i d e  con t ro l  by an 'ingenuous 

arrangement o f  i t s  external  surface--in pa r t i cu la r ,  by 

cor rugat ing  the o p t i c a l  coa t ing  on the surfaces o f  the 

res to r tng  vane OF= the so la r  s a i l  f o r  generation o f  torques 

about a l l  three body axeso Unfortunately, thl ls technique 

can no t  produce a l a rge  non-conservative e rec t i ng  torque t o  

d i ss ipa te  the k i n e t i c  energy s tored i n  unwanted precessional 

mode, Furthermore, the ef fect iveness o f  t h i s  technique will 

be decreased by degradation o f  the surface r a d i a t i o n  

proper t ies  o f  the coated mater ia l  under long-term in tens ive  

so la r  r a d i a t i o n  exposure, The l a t e s t  Sunblazer design (a) 
uses fou r  stopping motors t o  ro ta te  fou r  b l g  t r i angu la r  

vanes i n  order  t o  con t ro l  the resu l tan t  average torques 
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1 three body axeso The torquesB which are  t 

varying I n  each s p i n  cycle, r e s u l t  from the vane 

re f lsc t fon ,  The disadvantages o f  

c t r f c  power r e  

2,3,3 ErectSng shel l  

action suggests that  an 

only i f  there i s  a force 

t o  both the spin 

matel y para1 1 e l  
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precess8on cone angle as shown i n  F igure 2 0 3 0  i n  p r i nc ip le ,  

t h i s  passive e rec t i ng  torque should eventua l l y  p out the  

and shauld e n t  the spa c r a f t  t o  p o i n t  a t  the 

l y O  Howeve ecause o f  the small orb~f t a l  angular 

I ch  i s  always t o  the e c l i p t i c ,  i t  i s  

s i b l e  t o  a l i g n  the sp in  a x i s  w i t h  the sun axis, Hence, 

even a t  equil lbr9wn, the sp in  ax i s  w i l l  poOnt above o r  below 

t h e  e c l i p t i c  plane depending on the sp in  d i rec t l on ,  

Typica l ly ,  the equ l l i b r Ium canted angle I s  o f  the order o f  a 

The ser ious drawbacks o f  t h i s  simple deslgn are: 61) In  

order t o  maximize the r a d f a t i v e  e rec t i ng  forceb the s h e l l  

s - t o  be very t h i n  and the spacecraf t  has t o  be despun t o  a 

few tenths o f  a r p m  <J&> (As a r e s u l t  o f  t h l s  small spin, 

e spacecraf t  i s  very vulnerable t o  minute d i s tu rb ing  

ces resu l ted  f rom the meteor i te  Impacts, out-gassing, 

omb and Lo ren t r i an  interactlons,); ( 2 )  The usef 

rttradi atJve en rgy Is on ly  a m a l  1 f r a c t i o n  o f  the absorbed 

A1 sop thermal d i a t l o n  is the most 

fne f fec t f ve  method o f  e x t r a c t i n g  r e c o i l  fo rce  from a given 

unt o f  enq y t o  be radiated, 

In Chapter 4, several conceptual techniques i nvo lv ing  

e use of ra, heqt lng  and sub1 ng mater ia ls  

l c h  are aimed a t  improving se shortcoml ngs are. propose 

zed b o t h  ana ly t l  l y  and numerical ly, 

a l y t i c  approach Is p r l m a r f l y  f o r  s tudyfng the steady s t a t e  

tor i n  a c losed f o  The nurnerlcal appro-ach i s  t o  
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l nves t lga te  the t rans ien t  and e ady s t a t e  behaviors 

accurate! y o  

Z,J,O Despln mic ro th rus ter  

ugl sp in  1med. latel  e r  It i n j e c t i o n  by 

200 rpm (a), which Os t oo  h-igh fo r ,  

s f o r  the proper func t i on ing  o f  

A simple mechanical device, e Yo-Yo, i s  i n  

reductng the sp in  t O  any des i rab le  value, 

s o f  a small mass, m, on the end o f  a l i g h t  cord 

e spinnlng spacecraft, As soon as the mass 

m Is released, t t  w i l l  unwi a t  a constant r a t e  (21 and 

w i l l  absorb the sp in  angular momentum f rom the spacecraft,  

A f te r  the cord f s  completely unwound ( i n  a f r a c t i o n  o f  a 

second), the mass rn i s  al lowed t o  f l y  away leav ing  the 

spacecraf t  spinnlng a t  whlch i s  less than the i n i t i a l  

value cc),, The length o f  the cord determines the f i n a l  sp in  

and I t  i s  given by (51 

where R Is the radfus o f  the sp in  body 
t i s  the moment o f  i n e r t i a  I n  the sp ln  ax i s  

However, f o r  a g iven cord, the f i n a l  sp in  can be known on ly  

about as accurately as the i n l t i a l  sp in  i s  known, 

Unfortunately, due t o  the bui ld-up o f  nu ta t i on  dur ing 

veh ic le  deployment, the Yo-Yo can be sa fe l y  designed t o  

despin the spacecraf t  on l y  t o  about one ten th  o f  i t s  i n i t i a l  

spin, Hence, f u r t h e r  despin i s  required, I n  Chapter 5, use 
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o f  a subl inration mic ro th rus ter  t o  accompl i s h  the des1 red 

residuit  despin is proposed and i t s  performance analyzedo 

The performance o f  the microthruster  i s  opt imized w i t h  

respect t o  several pe r t i nen t  var iables,  The t rans ien t  

s o f  the tempe r e  d i s t r i b u t i o n  i n  the subl iming 

h cy1 fnd r i ca l  cup and chopped cone 

deslgns, Radioisotopes are  proposed t o  supply necessary 

heat to  the subl imat ion process and t o  generate low t h r u s t  

by expuls ion of alpha p a r t i c l e s  so tha t  the mlc ro th rus ter  i s  

capable o f  the short- term f a s t  despln as we l l  as the 

long-term f f n e  sp ln  con t ro l  

2,4,1 EvaporatIon c o e f f i c i e n t  

The evaporation c o e f f i c i e n t  i s  the  r a t i o  o f  the actual  

t o  theo re t i ca l  sub1 imation rates, Experimental values vary 

s i g n l f i c a n t l y  between d i f f e r e n t  i nves t i ga to rs  (&.J,Q,,J,,&>o 

Many theor ies  have been proposed t o  exp la in  t h i s  phenomenon 

Q,U,b.JJ,,J&l Burrows a t  tr f buted the cause t o  the mol ecul a r  

c o l l f s i o n  t L i t t l ewood  and Rldeal blamed the 

dl; screpancies on the inaccurate thermal measurements 

Some even went so f a r  t o  suspect the i r r e g u l a r l t y  o f  c rys ta l  

surface as the main cause CJJJ0 Since the evaporation 

coe f f i c i en t  hqs a very important bear ing on the design o f  

subl imatton devices, the the0 o f  evaporation c o e f f i c i e n t  

and a numerical c a l c u l a t i o n  technique are discussed I n  the 

second h o f  Chapter 3, 
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. .  
2.4,2, Molecular f l ow  

Sub1 imat ion usua l l y  takes p l  

pressures; conseq 

b l e  o r  even greater  

channel dimension, The impedan 

through a channel i s  very important f o r  prop r determi nat 

of .the evaporation c o e f f i c i e n t  from experimental 

as; we l l  as f o r  the design analys is  o f  a subl imat ion 

microthruster,  This f l o w  impedance e f f e c t  Is accounted f o r  

by dimensionless quan t i t i es  such as the Clausfng Factor 

(&&I, Transmission P r o b a b i l i t y  CUI and i n  t h i s  work, the 

data 

Non-obstruction Factor, These fac to rs  a1 1 represent the 

r a t i o  o f  the o u t l e t  t o  i n l e t  mass flow ra tes through a 

cons i derat  I onb 

simple c y l l n d r l c a i  case o f  

c o l l  i s i on less  gas in a adsorpt lve channel DeMarcus I 

kpp l i ed  several advanced n ical techniques t o  solve 

u ra te l y  and extended the 

d on geonet r i c 

r e s u l t s  t o  include the p a r t  la1 specular 

o f  the channel However, the i n teg ra l  equation approach i s  

I c u l t  t o  apply t o  -a conical  channel and t o  use I n  

nt ing f o r  complicated processes such as molecular 

A i ed 

study and i s  

s imulate the r a r e f  te 

1 and the  conica l  cha 

t h i s  approa the method 
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gas-gas and gas-surface in terac t  w e 1  1 

angul d l o t r l b u t f o n  o f  t e x i t  

e ~ u l e s  on the net  thrust,  



FIG 2.1 RELATIVE MOTION OF SOLAR 
PROBE 

120° 

3 !lo 

G ilo 
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FIG 2.2 DIAGRAM OF TORQUES 
ON CECRAFT 
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FIG 2.3 RER IATIVE TORQUES 
ON ERECTING SHELL 
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CHAPTER 3 

S U B L I M A T I O N  AND RAREFIED GAS FLOW PARAMETERS 

. . .  

. .  

The app l l ca t i on  o f  subl i m i n g  ma te r ia l s  i s  suggested i n  

t h l s  study both as a means o f  improving the e rec t i ng  

c a p a b i l i t i e s  o f  a spinning she l l  and as the fue l  f o r  a 

mic ro th rus ter  system f o r  despinning and/or stab1 I z i n g  small 

so la r  probes, In the  microthruster  the subl lmlng mater ia l  

would vapor ize i n  a CUP and flow out o f  the cup t o  produce 

thrust ,  The ne t  amount o f  mater ia l  sublimed and Its r a t e  o f  

f low from the cup are inf luenced ( l e e o ,  obstructed) by 

adsorpt ion and r e f l e c t i o n  on the  cup wa l l s  and on the 

surface o f  subl iming mater ia l  as well as by molecular 

c o l l i s f o n  between vaporized molecules, Furthermore the 

r e s u l t s  o f  experiments conducted t o  determine the i n t r i n s i c  

ra tes  o f  subl fmat ion o f  var lous mater ia ls  are a l so  affected, 

t o  var ious degrees, by the same phenomena, 

Consequently methods f o r  p red ic t i ng  the e f f e c t s  o f  such 

t h i s  "obstruct ing" phenomena are developed and discussed I n  

Chapter, These methods w i l l  be employed i n  eva lua t ing  

ava i l ab le  expertmental data on sublimating rates and I n  the 

app l i ca t i on  o f  these evaluated expertmental r e s u l t s  t o  the 

design o f  the s t a b i l i z i n g  devices discussed On t h i s  report,  
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3 , 2 e 1 I n t roduc t i on 

The phenomena which a f f e c t  the r a t e  o f  f l ow  o f  

vaporized mater ia l  ou t  o f  a mic ro th rus ter  cup are: 

adsbrpt lon on the walls; specular and d i f f u s e  r e f l e c t i o n  

from the w a l l s  and the surface o f  the subliming mater ia l  a t  

the bottom o f  the cup; and c o l l i s i o n s  between the vaporized 

mo1ec;les themselves, Since the quan t i t i es  o f  i n t e r e s t  are 

the r a t e  o f  mater ia l  ac tua l l y  leav ing  the cup and the 

resu l tan t  thrust ,  the e f fec ts  o f  the phenomena mentloned 

w i l l  be evaluated i n  terms o f  %an-obstruction factors", 

The c o l l e c t i v e  e f f e c t  o f  the above physical  phenomena on 

non-obstructlon factors, w i l l  be re fe r red  t o  as the 

Molecular Non-obstruction Factor, by which the actual  r a t e  

o f  vapor iza t ion  f rom the surface o f  the subl iming mater ia l  

can be m u l t t p l i e d  t o  ob ta in  the r a t e  o f  f l ow  from the e x i t  

o f  the mic ro th rus ter  cup, and as the Thrust Non-obstructfon 

Factor (or Thrust Factor) which re la tes  the actual t h r u s t  

produced t o  the t h r u s t  Qf the molecules as they leave the 

sub1 iming; surface, 

3,2,2 Vapor-wall c o l l i s i o n  e f f e c t s  

In a f ree molecular f l ow  regime, the mean f ree  path o f  

the gas molecule i s  so l a rge  tha t  Intermolecular c o l l  i s f o n  

can be neglected, The r a t e  o f  f l ow  through a tube Is 

l i m i t e d  by c o l l i s i o n  o f  molecules w i th  the wa l l  alone, The 



manner o f  a t tack ing  t h i s  problem 0f  f l ow  was f i r s t  suggested 

by Knudsen CUI whose method was t o  equate the ra te  o f  

momentum t rans fe r  t o  the tube wa l l  by molecular impacts t o  

the d i f f e rence  i n  the  pressure forces a t  the ends, Due t o  

h t s  erroneous assumption o f  the MaxwellIan d i s t r l b u t i o n  f o r  

molecules i n  the channel i n  c a l c u l a t i n g  the momentumR the 

f r e e  molecular f l ow  equation Is v a l i d  on l y  fo r  long tubes 

(proven mathematical ly by DeMarcus < J J J > o  For shor t  tubes, 

the end e f f e c t  becomes dominant, Dwhman's formula <J&) 

takes t h i s  I n t o  account by adding the f l ow  res is tance 

through an o r l f l c e  t o  Knudsen's long-tube f low formula (ulR 

analogous t o  the e l e c t r i c  res is tance In  series, The 

resu l tan t  formula I s  slmple, but  i t  I s  on l y  approximately 

co r rec t  because f l ow  res is tance does no t  behave exac t l y  as 

the e l e c t r i c a l  resistance, 

Real i z l n g  the geometric nature of molecular flow, 

Clausing C U I  der lved a l i n e a r  i n teg ra l  equation t o  express 

the surface c o l l  iston dens i ty  func t i on  f o r  a cy1 i n d r i c a l  

tube, 

where the  q u a n t i t y q ( x ) d x  I s  the t o t a l  surface c o l l i s i o n  

dens l ty  on the wa l l  between length x and x+dx i n  u n i t  o f  

rad iusa  q,(x)dx Is the con t r fbu t i on  due t o  p a r t i c l e s  coming 

d i r e c t l y  (expsr ienclng no previous surface c o l l i s i o n )  f rom 

the i n l e t  and y Is the  dumny var iable,  The kernel K(y,x) i s  

the probab i l  i t y  o f  p a r t l c l e s  exchange between two 
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d l f f a r e n t i a l  surface areas on the wa l l  o f  the tube ( s i m i l a r  

t o  the view f a c t o r  in  thermal r a d i a t i o n  ca lcu lat tons) ,  The 

des i red normalized p a r t i c l e  t ranspor t  r a t e  J i s  CUI 

(3.3) 

The kernel  P(x,L) Is the p r o b a b i l i t y  t h a t  a molecule which 

collides w i t h  the wa l l  between x and x+dx w i l l  leave the 

tube v i a  the  e x i t  a t  x=L wi thout  f u r t h e r  surface co l l i s i ons ,  

For ease o f  ob ta in ing  an ana ly t f ca l  expression f o r  

I(( Y,X) and P C x , L I a  Clausing assumed pe r fec t  sur face 

adsorpt ion ( l e e o a  no specular re f l ec t i on )  and i n f i n i t e  mean 

f r e e  path, The quan t i t y  3, i s  the f r a c t i o n  o f  molecules 

streaming through the f low channel d i r e c t l y  wi thout  

s u f f e r i n g  any surface c o l l  is tons a t  a1 1 Clausing obtained 

accurate tabulated r e s u l t s  CUI, comnonly known as Clausing 

factors, as a func t i on  o f  the length  t o  rad ius r a t i o  wi thout  

the he lp  o f  modern computing facilities by using asymptotic 

power se r ies  expansions, The Claustng f a c t o r  Is def ined as 

the r a t t o  of  the r a t e  a t  which gas leaves the o u t l e t  o f  a 

tube to  tha t  a t  which gas enters  the i n le t ,  i n  the absence 

o f  specular re f l ec t i on ,  

I n  1955, DeMarous (JJ> i nves t iga ted  the  molecular f l ow  

problem r tgo rous l y  by s t a r t i n g  mathematical formulat ion from 

the  Boltzman equation, Although he obtained e s s e n t i a l l y  the 

same in teg ra l  equation, he used d i f f e r e n t  numerical 

approaches 8squeez!ng*4 @sc I ssor 0 ngo and v a r i a t  ional 
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techniques) to solve t h f s  equation, According t o  DeNarcus, 

the va r ia t i ena l  r e s u l t  g ives the upper l i m i t  f o r  the  f l ow  

conductance, He compared h i s  r e s u l t s  w i t h  Clausfnges f o r  

the case of no specular r e f l e c t i o n  and concluded tha t  the 

fabulated Clausing Factors are s l i g h t l y  i n  e r r o r  because the 

Clausing Factors are i n  general somewhat h igher  than those 

o f  DsMarcus, espec ia l l y  f o r  long tubes, 

The main drawback o f  the i n teg ra l  equation method i s  

t h a t  the formulatton of the probabf l  i t y  kernels becomes 

fncreasfngly d i f f i c u l t  f o r  non-uniform cross-sect ion 

channels and/or f o r  molecular f low systems w i t h  f i n i t e  mean 

f r e e  p i ths ,  The method to be discussed adopts the Monte 

C&lo type of approach where the actual  physical  processes 

are s imulated In  d e t a i l  i n  the form o f  a lgor i thm f o r  d i g i t a l  

computer ca l cu l  a t  ion, 

3,2,3 Descr ip t ion  o f  numerical approach (TUBNOF) 

The general desc r ip t i on  o f  the  method proposed f o r  use 

I n  this study fol lows, For a channel o f  a r b i t r a r y  

cross-sect ion and length, as shown I n  Figure 3*1, the i n l e t  

i s  connected to  a f l a t  subl iming mater ia l  surface and the 

o u t l e t  Is connected t o  a vacuum, [If the back-pressure i s  

not zeroB the problem can be d iv ided i n t o  two  pa r t s  and 

superposi t ion app l ied  t o  get the ne t  transport,) The i n l e t  

gas Is assumed t o  be Maxwellian and the i n l e t  area i s  

d tv ided Onto many small pieces, each o f  which i s  considered 

as a p o i n t  sourceo Knowing the angul ar  probab T 1 I t y  
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d i s t r i b u t i o n  (spher ica l  cosine) f o r  molecules leav lng  from a 

p o i n t  sourceB the  p r o b a b i l i t y  d i s t r i b u t i o n  func t i on  can be 

d i v ided  i n t o  d i f f e r e n t i a l  cones as shown schematical ly i n  

Flgure 3,2, The f a t e  of  the p a r t i c l e s  contained i n  the  cone 

Where do they h i t  the wa l l ?  How many? Are they adsorbed o r  

re f lected?)  i s  determined by the space curve o f  the 

i n te rsec t i on  o f  the cone surface w i t h  the channel surface 

and the averaged surface r e f l e c t i o n  coe f f i c i en t ,  The 

channel Is d iv ided  i n t o  r ing segments so t h a t  number o f  

p a r t i c l e s  impinging on each r ing segment can be ca lcu la ted  

from t h e  f r a c t i o n  o f  space curve In te rsec ted  by each r i n g  

segment, The surface adsorpt ion dens i t y  due t o  on l y  the 

undisturbed i n l e t  p a r t i c l e s  as a func t i on  o f  down-stream 

distance can be obtained by summing up the  con t r i bu t i ons  o f  

a l l  the d i f f e r e n t i a l  cones from a p o i n t  source and then a l l  

the p o i n t  sourGes in the i n l e t  cross-sect ional  area, A t  

steady state, the r a t e  o f  adsorption w i l l  balance out the 

r a t e  o f  reemlssfono Assuming a khown angular d i s t r i b u t i o n  

(spher lca l  cosine a t  the same temperature as the subl imfng 

surface)@ the p r o b a b f l i t y  f o r  an adsorbed p a r t i c l e  a t  x+dx 

distance downstream t o  get out  o f  the e x i t  can be computed 

by keeping t rack  o f  t h i s  p a r t f c l e  u n t f l  i t  e i t h e r  leaves the 

channel o r  i s  adsorbed by the channel wall, Doing the same 

fo r  a l l  r i n g  segmentsB an 'escape' p r o b a b f l i t y  t ab le  is 

constructed which Is equiva lent  t o  the Clauslng's P(x,L) 

kernel With the surface adsorpt ion dens i ty  and the 

9escape8 probab i l  i t y  t ab le  so computed, the molecular 
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non-obstruct3on f a c t o r  (a lso  re fe r red  as CTausing fac to r  or  

t r&smission probab l l  f t y )  i s  obtained by numerical 

g r a t i o n  over the length  o f  the channel, The compu 

program (TUBPJOF) l i s t i n g  w i t h  b r i e f  desc r ip t i on  Is i 

ces K,1 and P08e The app l ica t ions  o f  t h i s  

utsr code t o  account f o r  var ious molecular behaviors i n  

the flow channel a te  given below, 

3,264 &1cu l i t i ons  o f  wa l l  adsorpt ion e f f e c t  

The power o f  the method developed here lies i n  i t s  

f l e x  i b I 1 i t y  The method can be employed i n  the 

conslderat ion o f  rea l  i s t i c  physical  phenomenon such as 

inc ident  energy and angle dependences o f  gas-surface 

In te rac t i on  cross sect ions as we l l  as t o  solve fo r  the f l ow  

in  camplex geometric channels, i n  add i t i on  t o  a few speclal  

cases o f  i n t e r e s t  I n  the present study, To t e s t  the 

v a l i d i t y  of the method, the f i r s t  step was t o  check r e s u l t s  

ed by TUBNOF against  those of  Clauslng and DeMarcus 

fo r  the case o f  cy1 IndrOcal channel, p e r f e c t l y  adsorpt ive 

surface, and I n f i n i t e  molecular mean f ree Path, The 

tabulated r e s u l t s  are given in  Table 5,1, The! agreement 

w i t h  Clausing@s and DeMarcus's r e s u l t s  f s  w i t h l n  l%o 

Consequently, the method i s  be l ieved t o  be sound, TUBNOF 

i s  capable of much h igher  accuracy than th is ,  but a 

s i g n i f i c a n t  increase i n  computer execut ion t ime would be 

necessary,, 
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3,2,5 Calcu lat ions o f  channel-wall r e f l e c t i o n  e f f e c t  

The general theory f o r  gas-surface i n t e r a c t i o n  f s s t i l l  

n o t  we l l  defined, Howeverd drawing analogy from neutron 

glbedo data and from some recent gas-surface experiments 

(a), the r e f l e c t i o n  (specular and d i f fuse3 c o e f f i c i e n t  f o r  

sublimed molecules should be a func t i on  o f  lnc ident  energy 

and angle as we l l  as surface proper t ies  and temperature, 

The e f f e c t  o f  f i n i t e  r e f l e c t i o n  on molecular f l o w  is t o  

increase the non-obstruct ion factor,  I o e o ,  t o  reduce the 

f l ow  resistance, By using; a weighted average specular 

r e f l e c t f o n  coef f i c ien t ,  the computer program TUBNOF can 

e l low f o r  the specular r e f l e c t i o n  e f f e c t  such tha t  whenever 

a beam-bundle (a  group o f  molecules heading i n  a d i r e c t i o n  

o f  4+d+ and @+de from a p o i n t  source) h i t s  the wall, the 

f r a c t i o n  t h a t  i s  r e f l e c t e d  specu lar ly  w i l l  be t raced 

cont inuously u n t i l  i t s  i n t e n s i t y  becomes n e g l l g l b l e  due t o  

mu l t t p le  specular r e f l e c t i o n s  or  i t  leaves the channel, For 

a glven channel length, the non-obstructfon factor ,  Km , 
increases almost l i n e a r l y  w i t h  specular r e f l e c t l o n  

coe f f i c l en t ,  r, as shown i n  Figure 3 a 3 a  

A good l i n e a r  ana ly t i ca l  f i t  t o  the TUBNOF curve o f  

Figure 3,3 f o r  a s l l g h t l y  r e f l e c t f v e  channel wa l l  is 

where K ( L / R )  Os the non-obstruct ion fac to r  
f o r  r=O (!,e,, K(L/R)=the Clauslng Factor) 
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The r e s u l t  agrees very we l l  w i t h  t h a t  o f  DeMarcus as 

shown i n  Table 3028 which suggests t h a t  Smoluchowski's 

co r rec t  ion C y i )  

K3(L/R)=K( L/R3*(loO+r)/( loO-r) ( 3 -  5) 

1s no t  app l i cab le  f a r  general use as shown I n  F igure 3 , 4 ,  

in  fact, Smoluchonski's co r rec t i on  f a c t o r  f o r  specular 

r e f l e c t i o n  i s  on l y  approximately co r rec t  fo r  very long tubes 

and f o r  very  small specular r e f l e c t i o n  coe f f i c i en ts ,  

E02 ,6  Calcu lat ions o f  subl iming surface r e f l e c t i o n  e f f e c t  

For the case where the i n l e t  molecular source i s  an 

equ i l  ibriwm gas reservo i r ,  the molecules heading back toward 

the source from the channel w i l l  be absorbed i n  the 

rbs6trvolrb f o e o #  the source appears t o  be black t o  any 

mblecules re tu rn ing  from reemission o r  molecular c o l l  Is ion,  

However, when the source i s  a s o l i d  subl iming surface a t  the 

channel i n le t ,  the s o l i d  subl iming surface w i l l  r e f l e c t  a 

f r a c t i o n  (1-a) o f  the re tu rn ing  molecules, where a 1s the 

evaporation or condensation c o e f f i c i e n t  (9) For a 

eo11 i s ion less  molecu?ar flow,, the f r a c t i o n  re tu rn ing  t o  the 

surface Is 1 - K O  O f  t h i s  f r a c t i o n  1-a w i l l  be r e f l e c t e d  back 

in to  the channel w i t h  a p r o b a b i l i t y  o f  leaving the channel 

through the e x i t  o f  K O  This  e f f e c t  w i l l  be compounded and 

i f  t h e  sum o f  the r e s u l t i n g  I n f i n i t e  ser ies  i s  considered, 

the subl Imation surface r e f l e c t i o n  should increase the  

non-obstruction t o  
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where K b  Is the approximate non-obstruction fac to r  fnc lud lng 

the  'source r e f l e c t i o n  e f fec t ,  Consequently, t h i s  surface 

r e f l e c t i o n  e f f e c t  increases w i t h  f l e n ~ t h  (s ince 

K decreases w i t h  leng t  and should be taken i n t o  account i n  

the ca1 cul  a t  8 IMS non-obs tr uc t  i on fac to r  s o  

TUBNOF therefore includes t h i s  e f fec t ,  The (1-Q) 

f r k f o n  o f  the re tu rn ing  molecules i s  assumed specular ly  

re f l ec ted  from t,he sub1 Imfng surface w i t h  an angular 

d i r e c t i o n  and i n t e n s i t y  which are computed a f t e r  each 

re f l ec t i on ,  The fa te  o f  t h i s  

p roper l y  so tha t  no p a r t i c l e s  

once, The r e s u l t  o f  a sample 

3 0 5 0  The r e s u l t s  o f  Equation 

'exactb computer resul  t, 

molecular beam i s accounted 

w i l l  be t a l l i e d  more than 

ca l cu la t i on  Is shown I n  Figure 

(3,6) agree we l l  w i th  the 

Through the use o f  two experiments, i t  may be poss ib le  

t o  determine i f  f i n i t e  specular r e f l e c t i o n  o f  vapor 

molecules from the subl iming mater ia ls  leads t o  non-unity 

evaporation coe f f l c ten ts  and t o  determine the magnitude of 

the evaporat ion coe f f i c i en t ,  The experimental technique 

proposed fol lows, A la rge  equ i l i b r i um reservo i r  w i t h  i t s  

i n te rna l  surface coated w i th  subl iming mater ia l ,  w l t h  a tube 

penet ra t ing  the rese rvo i r  wall, i s  used t o  measure the mass 

f l ow  r a t e  and the non-obstruction fac to r  K j o  Then the same 

tube 1s eonnecCed t o  a subl iming surface a t  the  same 

temperature as the rese rvo i r  and the f l ow  channel leng th  i s  

maintained constant so t h a t  a new non-obstruction fac to r  K2 
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can be measured, By us ing the r a t i o  K2/K,$a l a rge  p o r t i o n  o f  

the experimental uncer ta in ty  should cancel The evaporation 

c o e f f i c i e n t  can be obtained f r o m  the curve i n  Figure 3,6 

which was ca l cu la ted  us ing  TUBNOF or from the approxfmate 

expression (der ived  from Equation (3 ,611 

CI = 1 + ( K t  / K 2 " 1 ) / ( 1 = K ,  1 (3.7) 

which 1s almost I l n e a r  as shown i n  F igure 3,6, 

3,2,7 Calcu lat ions o f  molecular c o l l  ?s ion  e f f e c t  

In the previous sections, molecules are assumed t o  

i n te rac t  w i t h  the surface only, s ince the mean f r e e  path i s  

much la rge r  than the c h a r a c t e r i s t i c  dimension o f  the f l ow  

channel, Thfs  cond i t i on  does no t  e x i s t  I n  the present study 

because the sub1 imat ion vapor pressure i n  the temperature 

range o f  i n t e r e s t  ( I n  the neighborhood o f  280'K) has a mean 

f ree  pa th  comparable w i th  the channel dimenslon, Burrows 

made an estimate o f  the intermolecular c o l l  l s i o n  e f f e c t  

which su rp r i s ing l y  was very  significant, Burrows i n  h i s  

paper (12) t r i e d  t o  a t t r i b u t e  the cause o f  the existence o f  

evaporatton c o e f f i c i e n t  t o  the molecular c o l l i s i o n ,  It 

should be noted tha t  Burrows' evaporation coe f f  i c t e n t  

e' + - - [e  e2+ a2 -- 2 Q  A€ + $ ( I  - e  - "4) 
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where 
K--tube Clausing f a c t o r  
a=-tube rad ius 
I--tube length  

h - -e f fec t i ve  mean f r e e  path 
-@qui I 1 b r  rum vapor mean f ree  path 

Is d i f f e r e n t  from the the conventional evaporatlon 

c o e f f i c i e n t  by Jus t  the Clausing fac to r ,  In other  wordsB 

the q u a n t i t y  i n  the square bracket which accounts f o r  the 

rnolacular col . l ls1on e f f e c t  Is Burrows' est imate o f  the 

conventional evaporatlon coe f f i c i en t ,  Burrowse explanat ion 

Lppears lncsnc lus lve based on the experfmental r e s u l t s  o f  

Sherwood and 3ohannes CUI whose sophi s t i c a t s d  experimental 

setup should minirntre the molecular c a l l i s i o n  e f fec t ,  

Nevertheless, the e f f e c t  o f  molecular c o l l  i s isn should no t  

be ignored, 

A numerical scheme was developed t o  estimate the 

molecular c o l l i s i o n  e f f e c t  so t h a t  the evaporation 

c o s f f l c i e n t  can be evaluated from the  experfmental data, 

The f l r s , t  step i s  t o  ca l cu la te  the molecular dens i ty  and 

f l u x  ( t rack  length  densi ty)  as a func t i on  o f  rad ia l  and 

a x i a l  distances (see Appendix G for de ta i l ed  descr ip t ion) ,  

Only t h e  con t r i bu t i ons  from the subl iming source and d i f f u s e  

r e f l e c t i o n  from the  wall surfaces are considered, For the 

cases o f  i n t e r e s t  i n  t h i s  study, the  e f f e c t s  of specular 

r e f l e c t i o n  and molecular c o l l i s l o n  on dens i ty  and f l u x  are 

small and are there fore  neglected for the sake o f  

s lmp l l c t t y ,  Due t o  the l ack  o f  knowledge on the dynamics o f  

molecular c o l l i s i o n ,  the d i r e c t i o n  o f  motfon a f t e r  a 

cot 1 i s  i on i s  assumed random, One f u r t h e r  assumption Os 
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requi red fo r  the molecular I n te rac t i on  cross sec t i on  which 

I s  re la ted  $0 the e f f e c t i v e  diameter o f  sublimed molecule, 

#any we1 1-known techniques C . J & , . & , ~ I ~ l  o f  ex t rac t  I ng 

molecular s ize  from v iscos i ty ,  c r i t i c a l  temperature and 

pressure and d i f f us ion  coe f f i c i en t  measurements are 

ava i l ab le  In the 1 i terature,, Add1 t i o n a l l  yB d f  f fe ren t  

assumed molecular force f i e l d s  w i l l  a l so  y i e l d  d i f f e r e n t  

expressions far  the molecular diameter, Since the v i scos i t y  

data 1,s most r e a d i l y  avai lable, i t  i s  used as a bas i s  f o r  

molecular cross sec t ion  ca l cu la t i on ,  The e f f e c t  o f  

molecular c o l l i s i o n  on the gas f l ow  i s  computed i n  the 

fo l l ow ing  manner, 

The c o l l i s i o n  dens i ty  as a func t i on  o f  rad ia l  and ax ia l  

distances I s  ca l cu la ted  from the r e s u l t  o f  density, f l u x  and 

molecular cross sect ionso The sol i d  angles subtended a t  

each d i f f e r e n t i a l  volume by the I n l e t  and e x i t  determlne the 

f rac t tons  o f  the c o l l l d e d  molecules i n  the channel heading 

back and streaming ou t  respect ive ly ,  However, I n  the 
, 

process of  heading back o r  streaming out, the probability o f  

f u r t h e r  c o l l  Dsions Is governed by an exponential funct ion 

expC-S/A). where S I s  the distance t r a v e l l e d  i n  a p a r t i c u l a r  

d i r e c t i o n  and h I s  the average mean f r e e  pa th  f n  t h i s  

d i rec t ion ,  The concept here i s  analogous t o  the neutron 

d i f fws ton  c a l c u l a t i o n  i n  a source f r e a  medium, Since a 

f r a c t i o n  o f  the molecules c a l l i d e d  was o r i g i n a l l y  streaming 

toward the ex i t ,  the ne t  e f fec t  I s  the d i f f e rence  between 

the f r a c t l o n  heading outward before and a f t e r  c o l l  i s i ons  i n  
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e&h d i t f e r e n t 9 a l  volume, The molecular dens1 t y  a t  each 

Pos t t i on  Is computed, bu t  the  angular d i s t r i b u  i on  i s  no t  

i l n  pa r t i cu la r ,  the c t f o n  o f  the molscutes 

t r e a d i l y  ob ta lne  Thls f r a c t  

the codfng o f  TUSHOF t o  i nc r  e t l n e a r l y  w i t h  ax ia l  

d is tance and i s  constant i n  rad ia l  d i rec t ion ,  The res t  o f  

the moleculhas a f t e r  eo11 i slon are adsorbed by the channel 

wall in a r a t i o  p ropor t iona l  t o  the  s o l i d  angles subtended 

i t  the c o l l i s i o n  p o l n t  by each o f  the channel r ing segmants, 

The ca l cu la ted  r e s u l t  f o r  the molecular c o l l  i s fon  e f f e c t  are 

shown i n  F igure 307, Evidently, the molecular c o l l  i s l o n  

g r e k l y  Increases the Plow impedance, 

Also, s ince the molecular c o l l i s i o n  densi ty  i s  

propor t tonal  t o  the square o f  p a r t l c l e  density, a t  low 

swblimatfon temperature o r  a t  low vapor pressure the 

coll I s t o n  e f fec t  should be negl i g ib le ,  The computed r e s u l t  

i s  shown i n  Figure 3 , 8 ,  

i n  passing i t  should be po in ted  out tha t  Burrows@ 

expression, Equation (3 ,7 )  probably overestimates the  

molecular c o t l i s t o n  ef fect ,  because based on Ressmann and 

Yorwoodbs experimental data (u) BurrowsB corrected 

evaporation coe f f i c i en ts  f o r  mercury In many cases were 

grea ter  than u n i t y  (which i s  not  rea l l s t9c ) ,  
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3.3 , 1 In t roduct i OR 

In prlnslple, all materlal will sublime from a s ~ l f d  

phase to a gaseous phase bypassing llqwefactlon, If the 

transitiQn occurs below the triple point, The theoretical 

derivation of the expression for sublimation rate was 

developed by Hertzs Knudsen, and tangmufr (Ul, The ratio 

of  the experimental to theoretical sublimation rate i s  

commonly knawn as the evaporation coefficient, The 

evaporation coefficient, which Is involved directly in 

calculating the heat and mass transfer rates for the 

subliming microthruster and erecting shell dlscussed In thIs 

studyr Is therefore an experimental correction factor for 

the Hertz-Kundsen-Langmui r equation CUIo 

Since the experimental subllmfng ratla Is always less 

than or equal to the theoretical rate (91, many scientists 

had attempted to give a sattsfactory explanation, On e 

explanatton has been that the theory i s  in error by assuming 

that a l l  collisions w i t h  a surface result in condensation 

(the theory assumes that the rates of sub1 Omation and 

candensation in a system at equllibrDm are equal and that 

the rate of condensation can be equated to the rate of 

collislon on the surface calculated from the known vapor 

properties), There Is also the probability of experlmental 

.er.rors, Lfttlewood and Rldeal (34) went so far to claim 

that evaporation coefficient should be unity if the thermal 
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measurement i s  performed proper ly,  Burrews (u) imp l ied  in 
h i s  paper t h a t  mater ia l  r e a l l y  sublimed a t  the theo re t i ca l  

&tea white i n  actual  experiments molecular c o l l i s i o n s  

caused the reduct ion i n  the subl iming rate,  Their  

asser t ions can n o t  be supported by the recent experimental 

evidences o f  Paul and Lyon as we1 1 as Sherwood and 

Jonannes CUI whose experiments minimized the molecular 

c o l l i s i o n  e f f e c t  and the temperature measurement er ror ,  The 

cmcept  o f  equat ing the evaporation coe f f i c i en t  t o  the 

condensation c o e f f i c i e n t  has been re jec ted  i n  the past, 

However, Paul and lyon's r e c o i l  pressure experiment gave a 

favorable support o f  t h l s  concept because the! r e s u l t  (based 

on Mtescheres (3) der i va t i on )  agreed we l l  w i t h  tha t  o f  mass 

f 1 ow0 However, i t  appears t h a t  Miesher's de r i va t i on  

requtres fu r the r  refinement which i s  glven i n  the fo l l ow ing  

sec t i on e 

3,3,2 Evaporatlsn dependence on r e f l e c t i o n  

The d e t a i l e d  theory o f  gas surface i n t e r a c t i o n  Is s t l l l  

n o t  well understood, Howeverd the In te rac t i ons  o f  vapor 

molecules and t h e i r  parent s o l i d  genera l l y  cons is t  o f  

d i f f use  and specular r e f  1 ac t  i ens and condensation , The 

condensation process can be understood as a delayed 

reemission because molecules condensed w i l l  evaporate 

d i f f u s e l y  a t  a l a t e r  t ime and t h i s  process Os d i f f e r e n t  from 

the prompt d i f f u s e  r e f l e c t i o n  which accompanies the specular 

re f l bc t i on ,  In experiment, the prompt d i f f u s e  r e f l e c t i o n  
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and delayed reemission are d i f f i c u l t  t o  separateo Howeverb 

In the fo l l ow ing  de r i va t i on  o f  the mathematical dependance 

Qf evaporatfan c o e f f i c t e n t s  on the r e f l e c t i o n  (d i f f use  and 

specular) coe f f i c ien ts ,  the r e f l e c t i o n  c o e f f i c i e n t s  as 

func t ions  o f  surface temperature, i nc iden t  angle and speed 

are  assumed known, Also the vapor and so l  i d  are assumed to 

be at  thermal equ i l i b r i um so tha t  surface coo l i ng  or  surface 

hei t inp;  e f f e c t s  are avofded, Le t  the t o t a l  r c f l e c t l o n  

c o e f f i c i e n t  o f  the wapor molecules on the sublImIng s o l i d  be 

rte, v,T)=s(B,v,T)+ s(@, v,T) (3 .9)  

where 6(4),v,Tf i s  the d i f f u s e  r e f l e c t i o n  
s(@,v,T) i s  the specular r e f l e c t i o n  
4p i s  the inc ident  angle 
v i s  t he  inc ident  speed 
T i s  t he  surface temperature 

The f r a c t i o n  of  the molecules which do n o t  r e f l e c t  are 

assumed condensed and Is given by l-r(438v8T)o Since a t  

k i n e t t c  equ i l  tbrium, the f r a c t i o n  condensed would be exac t l y  

equal t o  t h e  f r a c t i o n  evaporated, the t o t a l  number o f  the 

molecules evaporated from a un i t  surface exposed t o  vacuum 

Is given by the Dntegral 

where f ~ ~ , v ~ d v d ~ ~ 1 / 2 + v d n , s i n ~ c ~ ~ ~ d $  i s  the number 
o f  molecules per unf t  t ime leav ing  a u n i t  surface 
w l t h  speed v and making angle w i t h  the normal 
between @ and de, For Maxwellian d fs t r i bu t l on ,  
the number of molecules per u n i t  v o l m e  w i t h  speed 
between v and v+dv, dn, i s  
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The theo re t i ca l  mass evaporation r a t e  o r  the 

Hertz-Rnudsen-Lengntulr equation i s  

= P , / c z Q - R T ) "  

= 0.0583 /?r c M / T j v z  

where n Is molecular dens l ty  
m 1s the  molecular mass 
* i s  average speed 
B i s  vapor pressure i n  mm o f  Hg 
M is molecular weight 
T i s  vapor temperature i n ' K  
R Is gas constant per u n i t  mass 

(3, J2) 

The evaporat ion c o e f f i c i e n t  W i s  then 

C3.13) = I - rce,v;T) 
In specia l  case, when d i f fuse r e f l e c t i o n  i s  zerob the 

evaporation c o e f f i c i e n t  i s  j u s t  I-s(Q,v,T), 

3,3,3 Rat io  o f  r e c o i l  pressure t o  vapor pressure 

A t  thermdynamlcal equ i l  tbrium, the vapor pressure (or 

t h e  total fo rce  ac t i ng  on the subl iming surface) due t o  the 

gas-surface interact ions,  cons is ts  o f  four  componentso 

P, =P, +Q +Ps +R C3.14) 

where subscr ip t  v-0- vapor 
e--- evaporation 
d---- d i f f u s e  r e f l e c t i o n  
s"'-" specul a r  r e f  1 ec t i on 
C"""" condensat 1 on 

A t  equf 1 I b r  i um, the m o l  ecul a r  condensat I on ra te  I s 

equal t o  the evaporation rate, so Pe i s  equal t o  Pc, . *  
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However, i n  vacuum, no p a r t i c l e s  w i l l  return t o  the 

subl iming surface (assuming molecular i n t e r a c t i o n  i s  

neg l ig ib le ) ;  there fore  the fo rce  a c t i n g  on the surface i s  

due t o  Pe alone, Under t h i s  circumstance, Pe i s  the r e c o i l  

pressure which i s  a phys ica l  proper ty  o f  the subl iming 

surface temperaturs and i s  Independent o f  the equ i l i b r i um 

cond i t i on  or the ambient pressure, The expression o f  Pe I n  

terms o f  Pv i s  der ived i n  appendix E, 

The barred quan t i t i es  a re  the Maxwelltan d i s t r i b u t i o n  

weighted averages and G, i s  the maximum mass f l u x  as def ined 

In Equitlsn (3,123, I f  there i s  no d l f f u s e  re f l ec t i on ,  the  

expression becomes, 

Furthermore, I f the  specular r e f  1 ec t  ton I s independent o f  

inc ident  angle and energy, the expression reduces t o  (us ing 

Equation (3,131) 

This i s  the expression on which Paul and Lyon based On 

the ir  r e c o i l  pressure experiment, The v a l i d i t y  o f  t h e i r  

r e s u l t  i s  dependent upon the cond i t i on  tha t  the! d i f f u s e  

r e f l e c t i o n  I s  n e g l i g i b l e  and the specular r e f l e c t i o n  i s  

independent o f  angle and energy, Consequently, the Pe /P, 

r a t i o  from Equation (3,151 Is a func t i on  o f  surface 



temperatureo but, i n  general, i s  no t  a simple funct ion o f  

the evaporat ion c o e f f i c i e n t  as g iven by Equation (3,17), 

3 , 4,X I n  t roduct 1 on 

l c u l a t i o n  o f  the evaporat ion c o e f f i c i e n t  f rom 

experimental data i s  a very d i f f i c u l t  task, Experimental lyp 

accurate sub? i m f n g  surface temperature measurement has 

p l igued researchers f o r  years, Paul, Lyon CJ&> and others 

(2) had developed ingeneous surface temperature measurement 

- 

techniques, However, i n  computing evaporation c o e f f t c l e n t  

f r o m  mass-flow experimental datao they genera l l y  neglected 

the &-gas and gas-surface i n t e r a c t i o n  e f f e c t s  on the mass 

f l o w  rate, which are q u i t e  s ign i f i can t  as Ind icated i n  

Sect ion 3,2, I n  the fo l l ow ing  sections, two poss ib le  

techniques f o r  accurate ca l cu la t ton  o f  evaporation 

coe f f i c i en ts  from experimental data are discussed, 

3,4,2 Ex t rac t i on  from mass-flow data 

In  mass-flow experiments such as described by Paul and 

Lyon fx), both  the surface temperature and mass f l ow  

channel leng th  are a func t fon  of time, These two t ime 

va r iab les  as we l l  as the gas-surface i n t e r a c t i o n  e f f e c t  have 

to  be taken i n t o  account p roper l y  before prec ise  evaporatlon 

c o e f f i c i e n t s  can be ained, The experimental quan t i t i es  

ava l l ab le  are the surface temperature and surface p o s i t i o n  

as a func t i on  o f  time, The mass f low r a t e  G ( t )  Is 
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Where Is the densi%y 
d@t Is the r a t e  o f  surface regression 

Grnc t l  % s  the maximum mass f l ow  r a t e  
K(t) 1s the  n o n ~ o b s t ~ u c t ~ o n  fac to r  

The evaporat ion coe f f l e ten t  as a func t i on  o f  t i m e  and 

hence a functSon o f  temperature was calculated, Using Paul 

and byon's e x ~ @ r ~ ~ e n ~ a ~  data ( ~ p ~ a r e n t  evaporation 

c o e f f ~ e t ~ n ~ 1  f o r  naphthalene, the ~ ~ ~ u ~ t s  are shown i n  

Figure 3 , 9  f o r  four cases In whlch t e experimental data 

~ b o t t Q ~  curve) were corrected fo r :  (1) w a l l  adsorption 

f e e t  only or exact Clauslng fac to r  correctSon; (2 )  wal l  

~ d ~ o ~ p ~ ~ ~ n  and sub1 iiming surface on effect; ( 3 )  

c Q r r ~ ~ ~ l ~ n  ( 2 1  p l u s  f f n l t e  wa l l  ref1 i on  e f fec t  [r=O,ll; 

and (11 co r rec t i on  ( 3 1  p lus  the ~ ~ l ~ c u ~ ~ ~  co l lEs ion  e f fec t ,  

nce the h i g h ~ r  the non-obs ruc t i on  factor,  t h e  lower the 

corrected evaporat ion coef f l c ten t ,  It Is q u l t e  evident t h a t  

Claustng f ~ c ~ o r  c o r e e c ~ i ~ n  (1) Os no t  uate t o  descr ibe 

molecular f l o w  accurately,  The e of the subl im%ng 

surface and channel wa l l  r 

n o n ~ o b ~ ~ ~ u c ~ i Q n  f a c t o r  and hence se the corrected 

pora t ton  c o e f f i c ~ @ n ~ ~  as shown s 2 and 3 ,  The 

molecular c o ~ ~ ~ s i ~ n  e f f e c t  as ~ n d ~ ~ a ~ ~ d  by Curve 4 Os 

r @ ~ ~ ~ n ~ S  b l  for ~ u r t h @ ~  inc  ase o f  the corrected 

e ~ a p ~ r a t t o n  c o ~ ~ f ~ ~ ~ ~ n t ,  Even so then r It Is lower than 
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x ~ e r % ~ e n t a ~  values of Sherwood and dohannes ( 

indtcates there  may be a res idual  underestimation o f  the 

molecular coll Os%sn e f f e c t  I n  the present study, 

5,4,3 E x t r a c t ~ o n  from recogl-pressure data 

One o f  the ob jec t fves  o f  Paul and Lyon 1 was t o  take 

advantage o f  the s'dmple Pelat ton of Equation (3,171 t o  

e i l c u l i t e  evaporation coe f f i c i en ts ,  

In  Sectton 3 , 3 , P ,  t h e  r a t i o  of r c ~ l l  pressure t o  vapor 

pressure was shown to be a complicated func t fon  o f  

~ e ~ ~ e ~ ~ t ~ r ~  as g%ven in Equation ( 5 , l f i > ,  This ra t i o ,  i n  

Qntlral, 8s no t  equal t o  the h a l f  o f  the evaporation 

c o e f f i c i e n t s  as g % v  n by Equation (3,171, Consequently, the 

r e c o i l  pressure method described by Paul and byon could g lve  

~ r r ~ n e o u s  r @ ~ ~ l t ~ ,  Theft- r s c o f l  pressure r e s u l t s  d i d  show 

some discrepancies, It i s  t e n t a t i v e l y  concluded tha t  the 

recoOl p r e ~ ~ u r e  @ x ~ e ~ S ~ ~ ~ t  i s  no b l e  f o r  ex t rac t i on  o f  

eviporat Ion coef DcOents f o r  the present study, 

v e r ~ ~ ~ l ~ s ~ ~  t h e i r  ~xper imen ta l  technique i s  very usefu l  

%on of the th rus t  non- t r u c t l o n  fac to r  which 

es the mass n o n ~ o ~ s t t - ~ c ~ ~ ~ n  f or i n  many ways, The 

th rus t  ~ o n m Q b s t ~ u c t ~ o f l  f ac to r  w % l l  be discussed i n  some 

11 I n  Chapt 
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FIG 3.1 SCHEM OF MOLECULAR 
FLOW 
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FIG 3.3 REFLECTION COEFFICIENT 
EFFECT ON NON-OBSTRUCTION FACTOR 
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FIG 3.4 COMPARISON WITH SMOLUCHOWSKI'S 
RESULT ON SPECULAR EFLECTION EFFECT 
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FIG 3.5 SUBLIMING SURFACE 
REFLECTION EFFECT 
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FIG 3.6 CURVE FOR INTERPOLATION 
OF EVAPORATION COEFFICIENT 
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FIG 3.7 MOLECULAR COLLISION EFFECT 
ON NON-OBSTRUCTION FACTOR 
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FIG 3.8 SUBLIMING TEMPERATURE EFFECT 
ON MOLECULAR COLLISION 
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FIG 39 
EXTRACTION OF EVAPORATION 
COEFF FROM MASS FLOW DATA 
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TABLE 3,1 

N ~ N ~ O B S T R U C T I O N  FACTOR OF C Y L I N D R I C A L  TUBES 
H R E F L E C T I O N  C O E F F I C I E N T  EQUAL TO ZERO 

L / R  K-M K Q 

805 0,80170 0,8013 OO8O127 
( T H I S  WORK) (CLAUSING)  (DEMARCUS) 

10 0 0,67192 0 , 6720 0,67198 

105 0,58165 0,5810 0,58148 

2 , o  0,51486 0,53156 0,51423 

4,O 0,35619 0,3589 0,35658 

500 8,31074 0,3146 0,31053 

6,O 0,27825 002807 0 , 275 47 

N O N ~ Q 6 S T R U ~ T ~ Q ~  FACTOR OF C ~ L ~ N D R ~ C A L  TUBES 
WITH R E F L E C T I N G  WALLS BUT MON-REFLECTING ENQS 

FOR L/R=2,O 

r 9 K-M 
C DEMARCUS) ( T H I S  WORK) 

0 0 0  0,51423 0,51486 

002 0,58247 0,58237 

004 0,65890 0,656S1 

0 ,6  0,74690 0 , 74163 

008 0,85412 0,84483 

10 0 1000000 1000000 

K -5 SEE REF, (16) 
Q e- SEE REF, (171 
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CHAPTER 4 

TRANS1 ENT THERMAL ANALYSl S OF ERECT1 NG SHELL 

The surface temperature o f  a c y l i n d r i c a l  she l l  such as 

an e rec t i ng  s h e l l  attached I n  f r o n t  o f  a sp lnn ing so la r  

probe w i l l  tn general have a non-uni form temperature 

distribution around the  she l l ,  I t  Is t h i s  as y m e t  r i e 

temperature ~ ~ s ~ r 8 ~ u ~ O o n  whfch gives rose t o  a ne t  r a d i a t i v e  

and (o r )  s ~ b ~ ~ ~ 8 n ~  fo rce  t o  d i ss ipa te  the precesslon k i n e t l c  

energy, To analyse the temperature d f s t r l b u t l o n  as a 

funet ion  of‘ t ine, a tdme dependent two  dimension heat f low 

equatlon of t h e  form (assumKng constant mater ia l  p roper t l es l  

has t o  be solwed numer ica l ly  because the boundary condl t tons 

resu l ted  f rom the thermal r a d i a t i o n  and subl imat ion are, i n  

generald non-18near I n  T o  The schematfc diagram o f  an 

e rsc t fng  she l l  Os shown On Figure 4 0 1 0  In order t o  avoid 

numerlcal Snstabi l  Oty, an i m p %  %c3t  d i f f e rence  formulat ion 

has to  be used, Consequently the problem i s  reduced t o  

so l v fng  a la rge  ma t r i x  equation whfch i s  very time 

consuming, In the f o l l ow ing  sectlons var ious assumptions 

are made to  simp1 f f y  the p a r t i a l  d i f f e r e n t i a l  equatton, 
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under t h e  condltSon that the results wlll not be seriously 

compromised, To facilitate cornparlsons, the calculations in 

the folllowlng sections are based on the input conditions o f  

steady precessfon (no erecting torque) and uniform Initial 

temperature, The order o f  development 1s: (1) completely 

neglected the heat conductlon effects (Strip Approximation); 

(21  allowed for only the circumferential heat conduction 

effect (Thin Shell ApproxImatIton); ( 5 )  allowed for only the 

radial heat conduction effect (Thick She1 1 ApproxfrnatIon). 

4,2,1 Description o f  strip model 

The crudest approximation i s  that the cy1 fndrical shell 

1s so thln that the radOal temperature gradient through the 

shell i s  neglfglble, and the shell fs assumed to conslst of 

strlps with inflnttestmal insulation gaps between strips so 

the c ~ r c u ~ f ~ r ~ n ~ ~ a l  (o r  tangential) heat conductlon Is also 

Ignored, The above partlal differential equation is 

slmplfflied to a set of ordtnary differential equations of 

the form 

iIkl, 283, o o o J  

Ti and 9; are the temperature and angular position for 

each strip, Therefore If the shell Os dlvTded into J 

strips, there w i l l  be J equations to be solved per time 

step 0 The F(9,t) in the Equation (4,2) i s  the 
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h a l f - r e c t f f l e d  s inuso id  charac ter iz ing  the so lar  i npu t  t o  

the s h e l l  as a func t i on  o f  t ime and angular p o s l t i o n  of  the 

s t r i p ,  

4,2,2 Bare t h i n  s h e l l  system 

To maxlmtze the thermal r e r a d i a t i v e  effect, i,e,, the 

e rec t i ng  torquea one o f  the c r f t e r f a  i s  t o  make the sha l l  as 

t h t n  as poss ib le  so the so la r  input can g i ve  r i s e  a maximum 

temperature change, In t h i s  t h i n  she l l  deslm, the s t r i p  

approximat8on should ho ld  because the rad ia l  temperature 

gradient and the circumferential heat t rans fe r  would be 

small due t o  the t h i n  she l l  thickness, A computer program 

tSTRIP3 i s  w r f t t e n  t o  so lve the e n t i r e  se t  o f  Equatfon 

(4,2), The desc r ip t i on  and l l s t l n g  o f  STRIP are included i n  

Appendfees W , 1  and P o l ,  

The angular temperature d i  s t r l  but ion gradual 1 y changes 

from Its I n l t l a l  un i form shape t o  skew s8nusoOd which 

t r a v e l s  around the she l l  a t  the angular r a t e  o f  the spin, 

The Instantaneous maxlmum and minimum temperatures around 

the s h e l l  are shown i n  Figures 4,2 and 4 ,3  and the  

Instantaneous ~ a x ~ r n u ~  temperature di f ference, AT,,,, which i s  

the d i f f e rence  o f  the maximum and minlmum temperatures Os 

shown 8n FOgure 4 0 4 0  Imnediately er  exposure t o  the 

so la r  ~ a d 8 a t i o n  the amplitude o f  the rnperature exhi bf t s  a 

damped o s c i l l a t i o n  character whlch reaches a steady s t a t e  

amplitude a f t e r  a few sp in  cycles, 
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The f n l t l a l  temperature d i s t r i  but ions a1 1 have the 

damped o s c i l l a t i o n  character which can be explained 

g raph ica l l y  by comparison o f  the steady s t a t e  d i s t r i b u t i o n  

wllth the ~ n ~ ~ ~ a l  dfs ta lbu t lon ,  A de ta i l ed  explanat ion Is 

given i n  Appendix C where three types o f  damped o s c i l l a t i o n  

are analysed for three classes o f  S n i t l a l  condi t ion,  These 

are (1) the i n l t l a l  temperature To Is greater  than the 

steady s t a t e  maximum temperature; ( 2 )  To Is less than the 

steady s t a t e  minimum temperature; ( 3 )  T, i s  I n  between the 

steady s t a t e  maxtmum and m i n i m u m  temperatures, 

Another Important quanti ty, which i s  p l o t t e d  I n  Figure 

4,5, i s  the angular phase l a g  o f  the instantaneous maximum 

temperature from the maximum so la r  i n t e n s i t y  d i rec t i on ,  As 

w i l l  become c lea r  la te r ,  t h i s  phase l a g  i s  a major f ac to r  

On determfnfng the normal component o f  t h e  r e r a d i a t i v e  

force, and equ iva len t ly  the e rec t i ng  torque, 

For f a s t  sptn such as the res idual  sp in  a f t e r  the YO-YO 

despin operat ion (see Section 2 , 3 , 4 I p  the t rans ien t  

behaviors wfll be no t iceab ly  d i f f e ren t ,  The most 

outstanding fea ture  i s  t ha t  the damped o s c i l l a t i o n  w D l l  

PersOst f o r  many sp in  cycles, but  the t o t a l  t rans ien t  t ime 

span 1s increased on ly  moderately, Also, I f  the i n i t i a l  

temperature Is too h fgh  above the equii l fbrfum maximum, the 

damped o s c i l l a t i o n  behavior does no t  e x i s t  a t  a l l  because 

the s h e l l  i s  always l o s i n g  energy dur ing the e n t i r e  sp in 

cycle, As a r e s u l t B  the damped o s c i l l a t l o n  w i l l  degenerate 

t o  a s lan ted  s t a % r  shape which cont inuously decreases toward 
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an asymptotic value. 

4.2,3 Optimum sp ln  r a t e  

ideally, t o  r e a l i z e  the  l a rges t  normal f o rce  component, 

the phase lag, 9 should be as c lose  t o  = w/2 as poss ib le  

and the maximum temperature dif ference, ATm should be as 

large as possible, Unfor tunate ly  f o r  a given conf tgura t fon  

a t  zero spin, AT, Is maximum but  rJ/ i s  zero; and f o r  f a s t  

spln, AT, approaches zero but Is close t o  - q / 2 0  

Consequently, there  must be an optimum sp in  ra te  a t  which 

the resu l tan t  normal f o rce  i s  maximume Tr ia l -and-error  

solution would c e r t a i n l y  g i ve  an answerp bu t  i t  could be 

very time-consuming, especially without a p r i o r  knowledge o f  

the optfmum sp in  region, 

For a re rad ia t i ve  e rec t i ng  shel l ,  an a n a l y t i c  

expresslon f o r  the optimum spin can be obtained by 

rnaxfrntzlng the fo l l ow ing  Integral 

where “ha, 1 Is the  temperature d f s t r i b u t i o n  

shown i n  FOgure 4,1, 

The normal and p a r a l l e l  forces r e s u l t i n g  from the 

t rans ien t  temperature d i s t r i b u t i o n  o f  a bare t h i n  she l l  o f  

unl t  height  a re  presented i n  Figures 4,6 and 4,7, The 

o s c i l l a t f o n s  have damped ou t  a f t e r  about 300 seconds f o r  the 

condi t ions given. 

90 



. .  
4,2,4 Radioisotope-heated t h i n  she l l  system 

Without the so la r  heat f lux,  the above t h i n  s h e l l  w i l l  

g radua l ly  reach a very low uni form temperature, The so la r  

inpu t  n o t  on l y  heats up the she l l  but  a lso  creats  an 

asymmetry of temperature d i s t r i b u t i o n  so t h a t  a ne t  

re rad ia t i ve  fo rce  w i l l  ac t  on the she l l  t o  generate a 

torque, I f  the s h e l l  i s  i n t e r n a l l y  heated t O  an elevated 

temperature, the superposi t ion o f  the skew s inusoid (due t o  

the so la r  input )  on the elevated uni form temperature w i l l  

increase the ne t  r e r a d i a t i v e  fo rce  because of the higher 

energy o f  the r e r a d l a t l v e  photons, 

P rac t i ca l l y ,  a l l  alpha energy can be absorbed by a very 

t h i n  l aye r  o f  mater ia l ,  therefore a1 pha-emi tt 1 ng 

radioisotopes are good in te rna l  heat sources, Po-210, 

Pu-238, Cm-242 and Cm-244 are some o f  the poss ib le  

candtdates because they g i ve  the low rad la t fon  hazard, To 

analyze this design proposal numerically, a rad lo i so top ic  

heat f l u x  which carresponds t o  the amount o f  rad io isotope 

deposfted per unSt shell area Is added t o  Equation (4.21. 

The r e s u l t s  of the optfmum s p l n  ra tes and the maximum 

e rec t i ng  forces (normal component o f  the net  force)  as 

funct lons of rad lo l so top lc  heat f l u x  are shown I n  Figure 

4,8, The add i t i on  o f  uni form heat f l u x  favorably  Increases 

the optimum sp in  ra te  bu t  unfortunately,  the associated 

Increase I n  the steady s t a t e  e rec t i ng  fo rce  i s  on l y  abgut 

twenty percent as shOwn on Figure 4,8, (Note tha t  the 

amount o f  isotope requ l rsd  var ies w i t h  Isotopes, For 
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PO-210, the t yp i ca l  isotope requirement usfng Tabla 5,l for 

converblon Is about a few mg/cm20f she l l  surface area,) 

4,3,1 Descr ip t ion o f  Thin Shel l  model 

In t h e  S t r i p  Approximation method, both the rad ia l  and 

c i rcumferent ia l  heat conductlons are neglected, Since the 

c i rcumferent ia l  heat conduction w f l l  tend t o  smooth out the 

asymmetrtc angular temperature d i s t r i bu t i on ,  the S t r i p  

Approxtmation may overestimate the maximum and minimum 

temperature and hence the performance, t i  * e e ,  the torque 

generated) , To account f o r  c i r cumfe ren t ia l  heat conduct ion, 

fhe governing d f f f e r e n t i a l  equatfon becomes 

where p,  c, k, € , a=-@ l o  ,ws and R are the densi t y s  heat 

capacity, conduct iv i ty ,  emfssiv l ty,  Boltzmann constant, 

so lar  constant, she1 1 3hIckness and rad ius 

respect ively,  F ( Q p t )  i s  the h a l f - r e c t i f i e d  s inuso id  

which character izes the  so la r  fn tens i  t y  around a 

cyl inder;  d, Is the complernerat angle between the  sp ln 

axIs  and sun-ISne, 

This semi-l lnear p a r t i a l  d i f f e r e n t i a l  equation i s  solved 

n u r n a r i e ~ l l y  and a n a l y t i c a l l y  On the fo l l ow ing  sections, 
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4,a02 Semt-trtpl icl  t numerical so lu t i on  

The imp1 i c f t  d i f f e rence  formulat ion o f  the above 

the P a r t I a l  d l f f e r e n t l a l  equation requi res 1 Snearlzation o f  

rad fa t ton  term i,e. [y 'y42 J""!(ry. Th f s non-l i near 

term Is no t  expected t o  Introduce ser ious numerical 

i n s t a b i l  f t y  problems, bu t  the resu l tan t  c o e f f i c i e n t  mat r ix  

1s not exac t l y  t r i d lagona l  because there  are two non-zero 

terms on the! extreme corners o f  the ma t r i x  due t o  the 

closed-loop nature o f  the c i rcumferent ia l  heat conduction, 

A s  a resul t ,  the ma t r l x  f a c t o r i z a t i o n  technique cannot be 

appl ied and the Gausslan reduct ion method Is used Instead, 

which I s  more tlme-consuming. The numerical resu l t s  f o r  the 

t h I n  m e t a l l i c  s h e l l  us ing Thfn Shel l  Approximation agreed t o  

about one percent of the r e s u l t s  o f  the S t r i p  Approximation 

(see Figures 402, 4,5, and 4,4), 

Two of the by-products of t h i s  cornputatDon are the 

p a r a l l e l  and t h e  normal fo rce  components ( r e l a t i v e  t o  the 

sun $ x i s  11ne) as funct ions o f  t ime,  They both e x h i b i t  

damped o s c l l l a t f o n  as shown i n  Figures 4.6 and 4,7 ( f o r  a 

she l l  leng th  of a centimeter), From the spacecraf t  dynamics 

vlecwpolnt, the absolute magnitude o f  the normal f o rce  

component Os Jus t  as Important as i t s  magnitude r e l a t i v e  t o  

the p a r a l l e l  force component, because the p a r a l l e l  and the  

normal forces are d i r e c t l y  re la ted  t o  the precession torque 

and the e rec t i ng  torque respect ively,  The fo l low ing  sec t lQn  

dfscusses a prsposed scheme t o  increase the normal force, 
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. .  
4,3,3 Subliming material coated shell system 

The thermal force on the shell orDgtnates from the 

recoil momentum o f  photons which have a spectrum of energy 

characterized by the temperature o f  the radiative surfaceo 

At steady stateb any unit surface on the shell will radiate 

as much energy as It recelves during one spin cycle, The 

scalkr momentum i s  directly proportional to the energy 

radiated but lnversely proportional the particle expulsion 

speed, Consequently, Of sublimation o f  a solid material i s  

employed as the mode o f  removing energy, the expulsion speed 

IN5*10e cm/ssc) is about a million t imes lower than the 

speed of radfated thermal energy (3*10(0cm/sec); the momentum 

resulting from sublimation i s  therefore about a million 

times t h e  thermal radiative momentum, Thus, there i s  quite 

an lncentfve to coat the thin shell with subliming material-, 

The heat f l u x  carried by sublimation can be derived (see 

Appendix L) as 

where Hs i s  heat of sublimatian 
wt Is molecular weight 
A,B are the subllrnatlon constants 
T i s  the sublfmatfon temperature 

which Os added Into the bracket o f  Equation (4,4) to 

acmunt for subl9matlon, 

The resulting temperature distributions are shown in 

Figures 4,9, 4010 and 4*1Ie The important features are (1) 

the damped osclllatfons o f  the instantaneous maximum and 

minimum temperatures are essentially suppressed by the 
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sublirnatlcm heat loss for wide range of spin rate, however, 

the instantaneous phase lag stlll retains a small damped 

osclllatfon; ( 2 )  the steady state temperature distribution 

Is lower than the results from a bare shell; ( 3 )  the phase 

lqg Is not as large as i n  the case o f  a bare shell. For 

fast spln rate ( d > > d q f  I ,  the instantaneous normal and 

parallel force components will tend to oscillate for a very 

long tfme because the surface temperature does not have 

suffIeSent time during each cycle to equilibrate, There are 

two tnteresting features worth mentioning: (1) for fast 

spfn, the restorlng torque can actually switch polarities as 

shown In Ffgure 4,12; ( 2 )  as shown In Figures 4,13 (a and 

bj6 the amplitudes o f  t h e  force components for low initial 

temperature will have growing oscillation for many cycles 

before the amplttudes o f  osc31latlon start to decrease, The 

lnitlal maximum temperature oscillates with dampfng, but its 

mean value continues to rlse toward the equilibrium maximum 

temperature, Since the net reradiative and sub1 iming forces 

are proportional to the exponential power o f  temperature, 

the amplitude of the oscillation attains a peak, 

4 , 3 , 4  Approx Ornate anal yt I cal sol uti on 

At steady state, the angular temperature dlstrlbutfon 

for a bare thin shell as shodn i n  Figure 4,14 has a 

remarkable resemblance to a sinusoid, This temperature 

proflle travels around the shell with an angular speed of 

the spin, The FourIer expansion o f  this wave form for 
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constant spfn c3 i s  

which fndlcates t h a t  the steady s t a t e  temperature 

d i s t r i b u t f o n  can be approximated by 

Herer Tavs Is the average temperature, M Is re la ted  t o  the 

miximum temperature d i f f e rence  and + i s  the phase l a g  o f  the 

maximum temperature from the d i r e c t i o n  o f  maxfmum so la r  

!nter,sity, The h a l f  r e c t f f i e d  s inuso id  F(9,tl and T" i n  

Ecluat ion (4,O) a r t  approximated b y  

Subs t l t u t i ng  t h e  above expresslons i n t o  Equation (4,4) and 

equating the coef fsc lents  of the constant, sine, and cosine 

terms, the so l  u t  ion o f  the resul  t an t  s Imul taneous cquat i on 
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and the constants In Equations (4,10), (4,111 and (4,121 are 

defined in Equations (b ,17 )  through (4,22), 

For tho radioisotope-deposited thin shell, a constant 

In 

as 

he& flux term G Is added to Equation (4,4) as 

Section 4,2,4, 

proposed 

The expressions for M a n d y  are the same 

above, however the expression for TRv9 i s  

7h-y, 
In the 

sub1 Imatim 

to Equation 

I 

(4,4) The above parameters become 

The constant A Q B B C B D P E , G  are the coefficients of the 
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where HS i s  the heat o f  subl imat ion 
RI, Is the! rad lo iso top ics  heat f l u x  
and the r e s t  are def ined i n  Eq,(4,3) 

Phesg approximate ana ly t i ca l  expressions o f  the form o f  

Equ&ion (4,7) a re  capable o f  represent ing the  t r u e  

(numerical) temperature d i s t r i b u t i o n s  w i t h i n  about 20% 

accuracy, In general, Equa ion (4,7) should be used with 

caut ion because 1 t  cou ld  introduce la rge  e r ro rs  i n  camputlng 

o ther  quantDt0es such as the re rad ia t i ve  fa rce  cGmponsnts 

(note the r e r a d l a t i v e  fo rce  i s  propor t lona l  t o  the 4th power 

o f  temperature), 
I <  

When the approximate ana ly t l c  expression f o r  

e ra tu rad  Equation (4,7), Is subs t i t u ted  En the normal 
, 

force expression, Equation (4,3), t he  resu l tan t  expresslon 

i s  a s i x t h  order  polynomlal I n  terms o f  the  sp in  r a t e  d 

Applying the Oescartes Rule o f  Sign, i t  can be shown tha t  

there 1s one and on ly  one rea l  p o s l t t v e  roo t  i n  the 

so lut ion,  A n a l y t k a l l y  t h i s  roo t  i s  found by t ransforming 

s t x t h  order  polynomial t o  a cublc  equat 

Cardan's formula t o  ge t  an e x p l l c l t  expression ( 
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F s r  t ho  bare and the  heated she.l ls t he  numerical. r e s u l t s  

frcm t h i s  exp ss ion  agreed almost ex on1 y 

gos i t i va  root o f  the  o r i g i n a l  s i x t h  o r  For z? 

she l l ,  t h e  optimum s p i n  i s  near l y  inverse ly  

ness and i s  o n l y  a few 

i n  F igure 4.6, 

Again, the approximate s o l u t i o n  checked out we.11 (&25%) w i t h  

the exact (numerleal t r l a l -and -e r ro r )  so lu t l on .  

For the  case o f  the subl fmlng ma te r ia l  coated shel l ,  

the approximate optlrnum s p i n  Is not  ob ta inab le  because the 

sub1 irntng force Is a cornpl i c a t e d  f u n c t i o n  of temperature, 

As a resu l t ,  t he  i n t e g r a l  o f  Equation (4,3) i s  very 

d i f f i c u l t  t o  o b t a i n  a n a l y t i c a l l y ,  However, basad on t h e  

r e r a d t a t l v e  force r e s u l t s B  the optimum s p i n  i s  a t  l e a s t  an 

order of magnitude less  than tha t  of a bare t h i n  s h e l l ,  

From a p r a c t i c a l  po8nt of viewQ the coated s h e l l  funct ions 

best If the s p i n  Is about a few rpm because a t  t h i s  sp in  

rate, t he  average p a r a l l e l  f o r c e  Is q u i t e  small and ye t  the 

normal force fQr e r e c t i n g  the  spacecra f t  i s  s t i l l  

apgreclable as Ind i ca ted  fn Ffgures 4*13 (a  and b), 

For a th in  shel l ,  the r a d i a l  temperature v a r i a t i o n  Is 

naglfg!ble,  However f o r  a s h e l l  coated w i t h  subl iming 

mater8 ia ld  the above asse r t l on  1s n o t  t r u e  anymore, because 

99 



the thermal conductivity of the subliming material is about 

a thousand times smaller than the metal and its thickness 

has to be it least ten times as thlck as the metal in order 

to be practlcat, Fortunately, due to the low thermal 

conductivity of the sub1 imOng material, the circumferentlal 

h e i t  conduction effect can still b e f g n a d  as In the Strip 

Approximation method (see Section 4,2), The resultant 

governing differential equations and boundary condi tlons are 

. - .  

i=1,2@ a, * 0 .J 

Since the shell Is divided into 3 strips, for a 

complete angular temperature distribution at any time t, the 
I .  

above differentla3 equation has to be solved J times., 

Obviously, this Is a very time-consuming processo As a 

matter of fact, the number of operation steps w i l l  exceed 

the sotutlien af the; or8gfnal two-dimension parabolic partial 

differential equation (Equation 4 , l )  by AD1 (Alternate 

OOrectfon Implfcit) scheme (see Secti 5 . 4 . 3 )  for each ti.me 

step because the number 0f radial mesh points i s  generally 

less than the number o f  circumferential mesh points, The 

Important dlfferenca is that the proposed method i s  very 

stable numerically, On the contrary, the AD1 method will 

likely Introduce a severe numertcal stabllfty limitation due 
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to  the non-rectangular geometry o f  t h t s  problem As a 

resul t ,  the present numerical method w i l l  probably requ i re  

less computer t ime f o r  a complete t rans ien t  so lu t i on  i n  

comparlson w t t h  the AD! method because the  present method 

fze a la rge  tlme step, 

There are many i n t e r e s t i n g  features contained i n  the 

numerlcal s o l u t i o n  as d isp layed In  Figures 4,16 and 4,17, 

(1) The temperature gradient  across the she l l  Is 

usua l l y  very sT,gnfficant (about 12 "C/cm), 

( 2 1  For each s t r i p ,  t h i s  gradient  w i l l  swi tch signs fo r  

each s p h  cycle, 

( 3 )  The phase lag o f  the max rrl temperature on the 

subliming surface i s  l ess  than the phase l a g  on the m e t a l l i c  

surface by above SO%, 

( 4 )  The temperature d i s t r i b u t i o n  a t  any i ns tan t  

resembles a s fnusoid as shown I n  Figure 4,16, 

(51 The maximum and the mOnTmum temperatures as 

func.tSons of t ime shown On Figure 4,17 are s i m i l a r  Tn shape 

t o  the curves from the Thin Shel l  Approxlmatlon, (see 

Sect f.on 4 , 3 , 3 )  

( 6 )  Fina l l y ,  the computer execut ion t ime i s  about f i v e  

ttmes greater  than t h a t  f o r  the s l m l l a r  ca l cu la t i on  by the  

The o r i g i n a l  two dimension time dependent heat f l o w  

equation has been solved w i th  varytog degrees o f  



sophfsclcat lon,  It Os obvious t h a t  as each assumption Os 

removedb the fDne s t ruc tu res  o f  the "exac t '  so lu t i on  w i l l  

begfn t o  unfold, and the computer execution t ime w i l l  a l s o  

fncrease, I n  general, the S t r i p  Approxfmatlon 1s very 

accuiate for  t h l n  m e t a l l i c  shel l ,  If the m e t a l l i c  she l l  i s  

nq t  very th in ,  then the smoothening e f f e c t  due t o  the 

ctrcumferent8al  heat condwt ion  should be taken i n t o  account 

by the Thin Shel l  ApproxDmatIon. Nhen the she l l  e x h i b i t s  

poor thermal conduction such as w i th  subl iming mater ia l ,  the 

Thfck Shel l  Approxlmation should be used I n  order t o  y i e l d  

accurate surface temperature, because the sub1 !mat ton 

process i s  very s t rong ly  dependent upon the sur face 

temperature, Onl y under extreme condit ions, such as a 

thltck m e t a l l i c  s h e l l  coated w i th  organic subl iming material,  

must the o r i g l n a l  two-dimension d i f f e r e n t i a l  equation be 

solved rfgarously, Fortunate ly  t h i s  s i t u a t i o n  does no t  

ex8st  On t h l s  study, 

102 



FIG 4.1 SCHEMATIC F ERECTING SHELL 

S o l a r  l n p u t  

( A )  E r e c t i n g  Shell 



FIG 4.2 TRANSIENT MAXIMUM 
TEMPERATURE OF BARE SHELL 

I I I 

Y w 
e' M N 
M O O 0  
b . 0 .  

II If If If 
W O Q O  

l=3 243 

M 
M 

W 
M 

104 



FIG 4.3 TRANSIENT ~ I ~ ~ M U ~  
TEMPERATURE OF BARE SHELL 
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FIG 4.4 TRANSIENT MAXIMUM TEMPERATURE 
DIFFERENCE OF BARE SHELL 
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FIG 4.5 TRANSIENT PHASE 
LAG OF BARE SHELL 
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FIG 4.6 TRANSIENT NORMAL FORCE 
COMPONENT FOR BARE SHELL 
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FIG 4.7 TRANSIENT PARALLEL FORCE 
COMPONENT FOR BARE SWELL 
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FIG 4.8 
OPTIMUM SPIN AND MAXIMUM NORMAL 
TORQUE FOR A HEATED SHELL- 
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FIG 4.9 TRANSIENT MAXIMUM 
TEMPERATURE OF COATED SHELL 
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FIG 4.10 TRANSIENT MINIMUM 
TEMPERATURE OF COATED SHELL 
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. FIG 4.11 TRANSIENT PHASE 
LAG OF COATED SHELL 
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FIG 4.12 TRANSIENT PARALLEL FORCE 
COMPONENT FOR COATED SHELL 
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FIG 413a NORMAL FORCE COMPONENT 
FOR FAST SPIN ( w 7 > ~ , t  ) 
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FIG 413b PARALLEL .FORCE COMPONENT 
FOR ST SPIN ( ~ > > W . t t  ) 
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FIG 4.14 STEADY STATE TEMPERATURE 
DISTRIBUTION AROUND A BARE SHELL 
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FIG 4.15 OPTIMUM SPIN RATE DEPENDENCE 
ON BA SHELL THICKNESS 
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FIG 4.16 QUASI-STEADY TEMPERATURE 
DISTRIBUTION AROUND COATED SHELL 
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FIG 4.17 TRANSIENT MAX AND MIN 
TEMPERATURE FOR THICK-COATED SHELL 
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In conventional chemical o r  nuclear rockets, the 

thermal power from chemical react ions or  nuclear f l s s i o n  

react lons 4s imparted to the p rope l l an t  i n  the form o f  

random gaseous k i n e t i c  energy whOch i s  transformed t o  

d i r e c t f o n a l  k i n e t i c  energy by means o f  convergent-divergent 

nozzle t o  produce thrust ,  Theoret ical ly,  I f  a l l  t h e  gaseous 

molecules are expel led exac t l y  In p a r a l l e l  w i th  the th rus t  

axSs, the resu l tan t  t h rus t  w i l l  be the maximum a t ta inab le  

fo r  a given chamber stagnat lon condi t ion,  

In the sublSm8ng m?crothruster,  t h l s  maximum can be 

achieved I n  p r i n c i p l e  if the subl iming s o l i d  Os placed a t  

the  f w e l  po8nt: of a p e r f e c t l y  r e f l e c t i v e  parabo l ic  nozzle, 

i n  real Ity, thSs 1s n o t  a pract ' lca l  system because the 

subl %m%ng surface has t o  be very small a t  the focus and a lso  

the p r a c t i c a l  parabo l ic  surface Os fa r  from belng 

re f lec t%ve,  Nevertheless, a simple system, such as a 

e y l l n d r l c a l  cup f i l l e d  w i t h  subl imlng ma te r la l  as shown In 

Figure ( T o l A B  can aeal8ze about h a l f  of the theo re t i ca l  

maxtrnum th rus t ,  The performance o f  t h l s  simple design can 

be eas8ly improved by connecting a d ivergent  conical  nozzle 

t o  the cylIndrOca1 cup (Figure 5,1B), The p laus ib le  reason 

Is t h a t  gas molecules sublime, on the averageB w i th  a speed 

1 wh%ch 1s hlgher than the sonlc (pressure, wave) 

speed ofp$)(for complex molecules (r=1,0), SO t h a t  the 
uh 
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nora le  has t o  be divergent to Tncrease the resu l tan t  thrust ,  

Phys%catty, the molecular Tnteractions w i t h  nozz le wa l l  are 

convenfently div8ded i n t o  specular and d i f f use  re f l ec t i ons ,  

In divergent nozzle, the wa l l  i s  s lan ted  outward, From a 

sfmplle & e s m t r f c  conslderat!on, It ean be shown tha t  a f t e r  

e i t h e r  type o f  fnteractTon w i t h  a divergent wall ,  the 

iverage f l a a l  normall v e l o c f t y  component (para\ le1 t o  the 

conic a x i s )  Is always greater  than the i n i t i a l ,  

Consequently, the longer the nozzle, the higher the th rus t  

wSll be, Howeverd the ne t  mass f l o w ,  due t o  the nozzle 

obstructlon, 1s decreased t o  an asymptotic value as shown On 

FDgure 5,2,  To increase the t h r u s t  fu r ther ,  the a l t e r n a t l v e  

Is t o  Increase the mean speed o f  t h e  molecules by heat fng 

the nozzle s k i r t  SO the molecules adsorbed by the wall w i l l  

be evaporated w l t h  a h lgher  average energy than t h e i r  

tnBtOal average energy, 

5 , 2 1 Rad 1 of sotope peopert f es 

There are a t  l e a s t  two areas where radioisotopes I- can 

eontr lbute,  These are as the heat source f o r  the 

sub1 Omatton process and as p rope l l an t  f o r  t h r u s t  generation 

by the deaay p a r t l c l e  recol l l  momentum, Un l ike  Joule heat ing  

( e l e c t r i c  res is tance heating), t he  rad lo i so top ic  heat ing 

cannot be turned on and o f f  so tha t  It imposes a deslgn 

problem, O n  the other  hand, i t  lis very r e l i a b l e  On 

generatimg a predetermined thermal energy, Cons] der 1 ng 
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decay ~ e c o B l  momentum, the heavy p a r t i c l e  emf t te r  Is very 

attractive for generat ing small t h r u s t  as w i l l  be shown i n  

Sectton 5,2,2, In the present study, on ly  alpha-emitters 

appear t o  be usefu l  because o f  both t h e l r  ease o f  eonver t lng 

the decay energy to  heat and theft-  a v a l l a b t l i t y ,  The 

selection o f  a p a r t i c u l a r  alpha-em? t t e r  depends on many 

fac to rs  such as hal  f-10 fe, radOat ion hazardQ cost, and 

&tergal compattbl l  ity, 

In  Table 5,1@ a few radlolsotopes o f  i n t e r e s t  are 

l i s t e d  along w l t h  t h e i r  physlcal  proper t ies,  These Isotopes 

a re  foamed by capture o f  one or  more neutronso The nuclear 

r a d  Iattonaj; given o f f  by them emanate d i r e c t l y  from t h e i r  

na tura l  decay scheme or f r o m  In te rac t i on  o f  p r i m a r y  

radliitfon wi th  other matersals, Usually, on ly  gamma rays 

and neutrons are important On the requi red sh le ld ing  

consfderatlons since they are more penet ra t ing  than both 

beta and a l p h a  par t t c les ,  Although the isotopes of 

~ ~ o ~ ~ ~ ~ c e  Sn t h i s  study decay by emission, gamma rays and 

neutrons are  present due t o  Impurlt les, GI ,n) threshold 

react ions w i t h  Bow atomic weight elements ( e a g o g  0-17 and 

0-3b8)8 spontaneous f PssOon (except Po-2101, and induced 

f 8 S S t Q n  & e o g o 8  Bu-238 and Cm-2441, The e f f e c t s  o f  neutron 

m u l t l p l  !cat ion 1 in Pu-238 and C w 2 4 4  are negl fgl b l e  f o r  

the present appl !cations, however, the e f fec ts  o f  ImpurI t i e s  

are. s.aget D mes unavol dab l e Inc identa l ly ,  Th-228 Is an 

exce l l an t  p ropu ls ion  isotope; the h a l f - l i f e  Ils 1,9 year and 

Its decay causes emission o f  f i v e  energet ic  alpha pa r t i c l es ,  
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Unfortttnately, 8 t  i s  no t  on the AEC isotope product ion l i s t ,  

5,2,2 Radioisotope-doping for  f a s t  despin 

Sub1 Dmatlon processes, as w i th  other  phase t rans i  t lon, 

r e q u i t e  thermal energy, For mater ia ls  o f  Interest ,  the 

subl lmatton heat Is o f  the order o f  15 Kcel/mle ( 2 1 ,  

Unfortunately, subl iming rnaterlal are usual l y  very poor 

thermal conductors, so tha t  t o  supply a l a rge  amount o f  heat 

by way o f  conduction through these mater ia ls  i s  very 

undesl rab le  because of the associated la rge  temperature 

gradients  and the non-uniform subl Irrilng surface temperature, 

RadfoBsot,ope-dop%n~ seems t o  o f f e r  an exce l l en t  so lu t ion,  

Mfnute amount o f  a lpha-emlt t ing radfoisotopes could be mixed 

lin ~ 8 t h  the s u b 8 M n g  rnater8al t o  form an in te rna l  heat 

source so t h a t  the subl imat ion heat i s  r e a d i l y  ava i l.ab1 e 

and the surface temperature can be made f a i r l y  un i form 

radialllly, The r e s u l t a n t  t h r u s t  would be about a f e w  dynes 

per square-cent %meter t based on the vapor pressure o f  Figure 

6 , 5 a t  %V3'KrC), which 1s s u f f i c i e n t l y  la rge  t o  rap fd l y  

desp8n an ~ n ~ t S a 1 ~ ~  f a s t  spinning spacecraft,  

5,2,3 RadSofsotopIc decay f o r  long term spin-contro l  

Bf the rnlerothruster cup bottom i s  coated w i t h  a t h i n  

layer o f  an alpha-emtt t ing Padloisstope, then a small. t h rus t  

w f l l  a c t  on tfie cup due to the alpha recoil f o rce  as soon as 

the subl iming mater ia l  i s  depleted, The purpose o f  t h i s  

f i l m  of rad iofsotope 1s t o  generate a long-term despln 



t h rus t  for  the co r rec t i on  o f  any unexpected sp in -d r i f t ,  

Slnce the alpha p a r t f c l e s  have such a low penetrat ion 

capability, h a l f  o f  them are absorbed by the bottom o f  the 

cup and the o ther  h a l f  are assumed t o  escape through the 

f l ow  channel , The th rus t  non-obstruction fac to r  f o r  these 

h i g h  energy par t l i c les  Is very much d i f f e r e n t  from t h a t  o f  

t h e  thermal energy molecules (see Sect ion 3,2,2) because 

OnteiaotOons w i th  channel surface by these high energy 

par t tc l les w i l l  heat up the surface and the subsequent 

reem8 ssKon w i l l  account f o r  only a very small f r a c t i o n  o f  

t h e i r  t n % t l a l  momentum ( less  than a thousandth o f  the 

o r i g f n a l l ,  These h%gh-energy charged p a r t i e l e  i n te rac t i ons  

w i t h  t he  channel surface w i l l  contribute negl t g i b l e  r e c o i l  

force, Consequently, as a good approxfmattond the th rus t  

for hlgh energy p a r t i c l e s  can be assumed t o  come from the 

direct streaming alone (those exper iencing no channel 

surface obst ruct ion) ,  The th rus t  non-obstruct ion f a c t o r  f o r  

high-energy charged par tsc les  (see Figure 5,3) Is a func t i on  

o f  both noazle length and nozzle cone angle and 1s always 

less than tha t  f o r  the thermal energy subl iming vapor, 

The absolute th rus t  due t o  alpha p a r t i c l e  emlsslon i s  

about three t o  four  orders o f  magnitude smal ler  than the 

subllmatlon th rus t ,  Th is  i s  obtalned I n  the fo l l ow ing  

manner, The r e l a t i v f s t t c  expression f o r  the r e e o l l  mornentun 

o f  a alpha decay 8s 
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where KE i s  the alpha k i n e t i c  energy 
C Os the speed o f  l i g h t  
Ma 1s  the  r e s t  mass o f  alpha p a r t l c l e  

The total number o f  alpha emisslons per second Is equlva lent  

t o  the e c t 8 v i t y  o f  the rad io isotope and i t  Is given by 

Taking l n t s  account the fac to rs  o f  1/2 f o r  the 

absorpt ion loss and 142 for surface normal component 

co r rec t i on  (not e l l  particles leave the surface v e r t i c a l l y ) ,  

a useful expresston for a th in - layer  nuc lear  (neglecting 

self absorptfonl d is in teg ra t i on  r e e o l l  f o rce  i s  

- 

where WPA i s  watts o f  rad i  ogppe dapasi ted 
on a em’ o f  sur face \ 

-4 
For WPA=O,I W/cmz the reco l t  f o rce  Is about 4,7*10 

dyne /ema W8th Inc lus ion  o f  the nozzle s k i r t  t h i s  fo rce  

wDll b e  reduced by a f ac to r  equal t o  the th rus t  

nsn-obstruct ten fac to r ,  

HaweverB as the thickness o f  the Isotope laye r  (or WPA) 

Increases fu r ther ,  the above expression w i l l  overestlmate 

the  t h r u s t  because of  the se l f -shfe ld fng,  In pr inc ip le ,  the 

th rus t  wfll reach a! plateau fo r  isotope th9cknness beyond i t s  

alpha rangeo If the isotope thickness x B  i s  leos than the 

range rd the t h r u s t  f s  given by t 
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For Po-210, the graph o f  t h rus t  versus the dimensionless 

thfcknsss x/rq i s  shown In  Figure 5,4, I t  i s  evident t ha t  

the self absorpt ion limits the maxtrnum t h r u s t  I n t e n s i t y  t o  

about 5 * l f 3  dyne/cmzo I n  other  words, the thlckness o f  

deposited layer  shsuld no t  exceed the alpha range o f  about 

107*10-3 

For available radioisotopes such as Po-210, Cm-242, 

Cm-244 and Pu-238, the l i f e  span o f  t h e l r  decay thrust, 

which Is propor t iona l  t o  the ha l f - l i ves ,  vary  from about a 

year t o  several hundreds yearsQ so t h a t  t h i s  type o f  nuclear 

dls lntegaat8on t h r u s t  8s su i tab le  f o r  long-term sp ln  

con t ro l  b 

5,204 RadOolsotopic heat ing  o f  nozzle wa l l  

For a given mass f l ow  rate, i n  order t o  increase the 

th rus t  and hence the s p e c i f i c  impulse, more energy has t o  be 

Ilmpirted t o  the vapor, In an advanced nuclear rocket, 

seeded p rope l l an t  can absorb thermal rad fa t i on  from the 

dlvtsrgent nozzle t o  Oncrease the exhaust ve loc i t yo  but here 

the sublllmed vapor f s  so r a r e f i e d  tha t  the molecules do not  

i n te rac t  w8th themselves or  w i th  thermal rad iat ion,  

However, Of the nozzle wa l l  i s  heated b y  rad io isotope decay 

t o  a temperature much higher than the subl imat ion 

temperature, molecules adsorbed by the  surface w i l l  be 

reem! t t e d  w3th a hlgher average speed, Only the adsorbed 

molecules w i l l  benefSt f r o m  the heated w a l l ,  bu t  f o r  a 

nazzle o f  moderate length  the ma jo r i t y  o f  the molecules w l ? ?  
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indeed i n t a r a c t  wit!! nozzle: sur face ,  The results  of the 

heat;ed-wall e f f e c t  i s  s h w n  i n  Flgure 5 , 5 ,  for the case 

where the wall temperature 1s mafntafned a t  twfce the 

subl imtng temperature, For the unheated-wal 1 case;, the wa l l  

temperature was assumed t o  be the same the sub1 imi:ng, 

temperatureo bu t  I n  r e a l i t y  the wa l l  temperature would be 

lowep so t ha t  the r e l a t i v e  e f f e c t  o f  having a heated wa l l  Os 

a c t u a l l y  h igher  than t h a t  shown I n  Figure 5,5, The wa l l  

temperature 1s dependent upon amount o f  rad io isotope 

daposfttftd, surface emfssivt ty,  r a d i a t i o n  view f a c t a r  and the  

heat l oss  t o  the reeml t ted molecules, 

5,3,1 Bescr lp t ton  o f  goveanfng equatlon 

The schematic diagram o f  t h i s  device Is shown Is Figure 

5 , 1 A ,  The sub1 Bmation heat i s  suppl Sed from the cup bottom 

where the heat 6s generated by a few layers of radiotsotope, 

The ou ts ide  eup surface 1s assumed t o  be thermal ly insu la ted  

( % , e o ,  negllgable surface emiss iv i ty) ,  Since sublimation 

involves both the heat t rans fe r  and the mass t ransfer,  the 

temperature d l s t r % b u t i o n  is always I n  t rans ien t  state,  The 

sub1 Iinlng surface temperature, and hence the resu l tan t  

thrust, as a func t isn  o f  t$me must be obtained from the 

sol,utSon o f  t tmie a dependent one-dimension heat f l ow  

equation, The governing equations are the fo l low ing ,  
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The essscltated boundary condl t Iions are 

where G(T1 i s  the sub1 Omatlon r a t e  
qCt1 Is the rad io isotope heat f l u x  
f t x l )  Os the i n i t i a l  temperature p r o f i l e  
9, co k, Ha are the density, heat capacity, 
thermal conduct iv i ty,  and heat o f  
sub1 Imation respec t lve ly  

Two numerical approaches, the e x p l i c i t  and the l m p l l c i t  

difference methods, have been t r i ed ,  

5 , 3 , 2  ExplOcllt solut l lon o f  temperature dlstrlbutfon 

The dldfeeance formulat fon f s  such tha t  the fu tu re  

temperature a t  any po in t  Os slmply dependent upon the past  

temperature only; howevero the numerical s t a b l l  i t y  c r i t e r i a  

r e q  utres the t ime step and the mesh s i z e  t o  be chosen On 

such a way that x' O S  always less than or equal to 

(O,SB(gcB/k (sbout 200 In cgs u n ? t l o  This 1 i m i  t a t l o n  

complicates the problem somewhat, because phys i ca l l y  the 

outearnost mesh will always decrease i n  s i z e  due t o  

continuous sub?, Bmatlton p r o ~ e s s ~  T h i s  d i f f i c u l t y  Is resolved 

by star t l tng w i th  a l a rge r  than mtnimwn outerrnost mesh; then 

as S O Q ~  as the outermost mesh reaches t h e  minumum allowed 

site, i t  f s  combined w i t h  i t s  ne! hbor ing mesh t o  form a mew 

outermost mesho 
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Ghta result o f  computation for one design Is shown 'in 

FSgures 5 0 6 6  5,7, and 5080 The in1 tlal temperature was 

&sumed t~ be unlfarrn ( n o t  true in reality), The surface 

temperature dipped to a mlnlmum at the beglnntng because the 

heat losses through sub1 imatton and radiation are larger 

than the heat supply through conduction (almost zero) and 

then started to rfse to a quasi-equ9 1 li b r i m  value because 

the resultant large temperature gradient due t o  inltlal dip 

Increased the conductfon heat transfer, The surface 

temperature crept up slowly to  a maximum as a result o f  the 

reducing thermal resistance t o  the flow o f  heat from the 

radlotsotope layer to the surface, An soon as all subliming 

mitarllel was evaporateB the temperature o f  the bottom o f  the 

cup rase qulckly as shown In Flgures 5,9, 5,10, and 5 0 1 1 ,  

because the only heat removal mode was then thermal 

redlatton, HoweverB an elevated equilibrium temperature was 

r a p i  dly reached, 

5,3,3 l rnp l l c l t  solution o f  temperature distribution 

To avoid the restrlctfon on small t8me steps and the 

coarse mesh sireB the implicit di f ference formulation i s  

employed, However, the temperature at a point depends upon 

both the past  ~ ~ m p e g a ~ u r ~ s  around thBs point and the current 

temperatures arsund t h f s  point which are unknown, 

Consequently, the spatial temperature dlstrfbution at any 

tlme 1s the solution of simultaneous linear algebraic 

equatl(ons, Fortunately, the coefflclent matrix o f  these 
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simultaneous equations 1s t r l d lagona l  so t h a t  the very 

e f f ! c l m %  m a t r i x  fa~torfzat!on technique can be employed,, 

The so lu t i on  i s  very s tab le  On general, External 1 y 

Introduced dfsturbances such as the rearrangement o f  

boundary and mesh net  are usua l l y  damped out  i n  a f rac t l on  

of a mtnute (aseat ti The r e s u l t s  of a sample 

ca l cu la t i on  based on the same condi t ions as i n  the case o f  

the caxpl ic l t  so lu t i on  are  shown I n  Figures 5,9,, 5,10, and 

5,11 f o r  the time pe r iod  dur ing which the subl iming mater ia l  

i s  about, t o  disappear completely, 

5,,1,4 Cowarllson o f  resu l t s  

The results  o f  the above t w o  methods agree very well 

throughout the tested t ime span except a t  a few t r a n s t t i o n  

instants when the mesh n e t  was rearranged, As long as the 

surface was coated w i th  sub1 lmlng rnaterfal, the surface 

temperature remained r e l a t i v e l y  constant a f t e r  the i n f  t i a l  

f a s t  t rans ien t  because o f  the l a r g e  damplng e f f e c t  o f  the 

subl lmat lon process (see Figures 5,7 and 5,1a), Since the 

th rus t  Increases e x p Q ~ ~ ~ t ~ a ~  l y  w i t h  the surface temperature, 

a small v a r i a t i o n  i n  temperature can be important, 

Consequently, accurate p r e d i c t i o n  o f  the temperature Is a 

prerequisite fo r  accurate evaluat ion o f  the th rus t ,  Between 

these two nume~ ica l  methods the impl icOt scheme i s  p re fe r red  

on t h i s  count, An fn teaest lng f a c t  found i n  t e s t i n g  the 

above t w o  programs was tha t  the expl fc3 t computer coding 

r e  q u t red  many checking ca lcu la t ions  t o  prevent fns tab l l  t t y  



and fes a re~sult actually required more computer time than 

the lmpltclt program under more or less the same conditions, 

5,3,5 Thrust non-obstruction factor 

B y  analogy wi th  the mass non-obstruction factor, the 

thrust Ron-obstruction factor 1s the ratio of real thrust 

from a channel to the thrust from a plain subliming surface, 

Unl Dks the mass non-obstruction factor, the thrust 

nsn-obstructton factor* can be, and i s  desirably, greater 

than unity, These tk non-obstruction factors are different 

because the thrust factor Involves a (v*cos@) weighting 

fictor on t e integration of t h e  ~~~~~~ 1 ian distribution, 

Physically, molecules specularly reflected from a vertical 

wall do not affect the normal fo rce  component, However , 
those adsorbed and subsequently reemttted diffusely will 

lose some inltlal normal momentum on the average, so that 

the thrust non-obstructSon factor for a cyl lndrlcal channel 

will be less than un%ty in general (except when the 

evaporation coeffHePent 8s very small), Also, since the 

average wall-Sncfdent angle (with respect to channel a x i s )  

Is larger than the average angle for molecule escape from 

the channel wall, the thrust non-obstruction factor Is 

expected to be larger than the? correspondlng mass 

non-ObstructSon factor, These effects are shown in Figures 

5,12 and 5,13 where non-obstruction factsrs are plotted as 

functions of the b/R r a t l o  and the evaporatlon coefficient, 

(forO(=ab,O, the sub1 Ilmatfon surface specular reflection Is 
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z e r o ) o  I t :  1s I n t e r e s t i n g  t o  note t h a t  f o r  small evaporat ion 

c ~ e f f i c f e n t s  ( l a rge  subl iming surface r e f l e c t i o n )  the t h r u s t  

non-obstruct 1 on f a c t o r  can actual  1 y be grea ter  than un i t y  

due t o  t h e  l a rge  subliming surface re f l ec t fon ,  

5 4@ 1 I n t  soduc t D on 

To s tgn l fDcant ly  increase the t h r u s t  non-obstruct ion 

factor,  the f l o w  channer’d (o r  nozzle) has t o  be modif ied, 

t n t u % t t v e l y ,  a dlvergent nozzle should increase both the 

mass f l ow  and t h r u s t  because the s lanted channel wa l l  helps 

t o  r e f l e c t  molecules outward, ConsSder8ng f l u i d  dynamics, 

there t s  also a p laus ib le  reasona Vapor molecules leave the 

sublfmllng surface wi th  an average speed o f  (QkT/2m) wh 1 ch 

i s  g rea ter  than the sonSc o r  pressure wave speed ( IkT/m)  o f  

any non-monoatomic gas (no t i ng  the s p e c l f i c  heat r a t i o  

= 1 + 2 4 f e  where f 1s the! number o f  degrees o f  freedom)(=), 

The f l ow  speed i n  t h i s  supersonic reg ion can on ly  be 

Increased i f  I l t  Is expanded through a dlvergent nozzle, O f  

course the  equattonfi developed I n  f l u i d  dynamics cannot be 

a p p l t e d  d i r e c t l y  t o  the present pressure range, but  

apparently, usefu l  qualitative conclusions can s t i l l  be 

drawn from them, I f  the above deduction Is co r rec t  then, a 

t h r u s t  engine desfgn involving the heat ing a subl lmlng 

mater la l  I n  a coated chamber t o  produce vapor t o  be passed 

through a nozzle < 1 would no t  r e s u l t  I n  an e f f i c i e n t  

des% gn, 
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The simplest dsslgn o f  a divergent nozzle Is probably a 

chopped cone, However., It will be shown that proper design 

can improve ! t s  performance significantly such that the 

thrust does actually approach the theoretical maxlmum, Two 

o f  the most important geometric design parameters are the 

optimum cone angle and the optimum nozzle skirt length, In 

theory, the longer the sklrt length the higher the exhaust 

speed tor  the better the propellant expansion), however, 

“dlmSnOsh!ng returns” will limit the length, In Figure 5,2, 

I t  is obvious that contrlbuttons to the thrust are 

decreasing for lJR greater than about s i x  for a 45%cone 

nozzle, A schematic diagram of a cylindrlcal-cup 

microthruster i s  shown I n  Figure f i o 1 5 0  

5,irO2 Optllmum cone angle! calculation 

The optimum cone angle Is v e r y  dlfftcult to obtaln 

Clausinges integral equation (see Section k i t y t i c a ~ ~ y  from 

3,2) The main difficulty lies in the formulation o f  the 

probabflity kernelsb especlally for slightly complicated 

assumptions on gas-surface interactions, However, 

numer!cally the non-obstruction fac tors  for a chopped cone 

geometry pose no addltlonal problems other than those 

described tn Chapter 3, In the cylindrical tube cased the 

podnt sources from the inlet (apparent throat) ware djvfded 

trite differential conesB which intersect the  channel wall or 

trace space curves on the wall, The number o f  molecules 

contained On each cone are proportOonal to the spherical 
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eosine d l s t r l b u t t o n  so t h a t  the surface adsorpt ion dens i ty  

I n  each channel r lng  Is the proper ly  wefghted stdmmatlon Qf 

a11 In tercepted space curves from a l l  cones of the p o i n t  

sources, 

Unfortunately, t runcat ion  e r r o r s  Introduce an 

uncer ta in ty  by a t  l eas t  a f r a c t i o n  of a percent, The major 

po r t i on  o f  the uncertainty probably comes from the numerfcal 

treatment of the In te rcept ions  o f  d l f f e r e n t i a l  cones by each 

channel ringb The computer program (CONNOF) f o r  so l v ing  the 

chopped cone geometry t r e a t s  the d l f f e r e n t i a l  cones i n  a 

s l  l g h t t y  d l f f e r e n t  fashions from the cy1 lnder case (TUBNOF) 

so tha t  a d i r e c t  comparison can be made w i th  the 

cyTIndrical-twbe so lu t l on  (no t fng  a 90 degree chopped cone 

Is equivalent t o  a cy l inder ) ,  

l n  t h % s  computer program (CONNOF), the circumference 

o f  each lnd iv tdua l  d i f f e r e n t i a l  cone i s  equal ly  d i v lded  

I n t o  about one hundred equal groups such tha t  each group Is 

consfdered as a beam bundle character ized by a set  o f  po la r  

and at lmuthal  angles, 'The t ra jec to ry  of t h i s  beam bundle is 

t raced u n t i l  t t  Bs adsorbed by the channel wa l l ,  Adopt tng 

the same procedure as I n  the  cylPndrOeal tube case (see 

SectOon 3 c 2 0 2 ) a  the mass non-obstruction f a c t o r  i s  computed, 

Slnce the po la r  angle o f  each escaping beam Is known, the 

normal momentum and hence the th rus t  non-obstruct ion fac to r  

can atso be computed, For a g iven nozzle length, the 

non-obstructlon f a c t o r s  are ca lcu la ted  f o r  d i f f e r e n t  con@ 

angl es , 
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The r e s u l t s  are shown i n  Figure 5,14, For maximum 

thrust ,  there Is an optimum cone angle which 1s s t rong ly  

pendent on the gas-surface propert ies, I n  pa r t i cu la r ,  the 

specular r e f l e c t l v i t y ,  In F igure  5,14, although the t h r u s t  

reaches a peak, the mass f l o w  rnonotonlcal ly increases as the 

cone angle Is widened, Also i n  comparison w i t h  the r e s u l t s  

from TUBNOF, I t  Is su rp r i s ing  t h a t  the two resu l t s  agreed 

very well (see; Table 5 ,2 ) ,  B y  manipulat ing the cone angle 

of a short nozzle the t h r u s t  l eve l  can be Increased by about 

twenty-f ive percent as shown %n Figure 50140 On Figure 5 , 2 #  

St Is shown that  by lengthenlng the nozzle, the t h r u s t  can 

be increased by a b o u t  t w e n t y  percent,  Consequent1 y d  it 

p a y s  t o  design a chopped cone microthrustar  p roper ly  because 

i t  Os capable o f  Improvlng the e f f i c l e n c y  over the 

cy1 OndrOeal-cup destgn by about f i f t y  percent, Wlth a 

radlolsotope-heated nozzle s k t r t  as descrDbed I n  Section 

503,38  the performance can be increased f u r t h e r  by about 

another twenty-f fve percent as shown i n  F lgure 5 0 5 0  

5,4,3 AD! s o l u t l o n  o f  temperature d l s t r i b u t i o n  

On Sectton 5 , 3 ,  the temperature d i s t r f b u t f o n  'In a 

cg l indr8ca l  cup was obtalned from the sol lutfon o f  the one 

d9mcnslon parabol I C  par t i a l l  d i f f e r e n t i a l  equation b y  

assuming negl i g f b l e  rad8al heat transfer., The same 

assumptOon I s  no t  reasonable for  a chopped cone geometry, 

because the rad lo lsotope heat f l u x  w i l l  funnel out  from the 

bottom and Introduce! rad la l  heat f l u x  component even w i t h  
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perfect thermal hsulatlon of the external cone surface, 

Consequently, the temperature distributlon in a chopped CQIW 

microthruster must Include the effect of radial heat 

conduction, A strafght imp1 8cSt dlfference scheme would 

require an inversion of about 100*100 matrix for each time 

step, This  method is certainly not practical because of the 

enormous computer t%me needed a5 well as the large but 

unknown numerical e r r o r  associated with thls type of 

oparatlon dinversion Qf large matrix), A relatlvely new 

techn fque cal led AD! ( A l  ternate-Dl rect ion- I mpl i cl t 1 was 

developed for fast convergence t 1 of parabolic partial 

dlfferenttal equatgons, This technique makes full use o f  

the fast natrfx factorfzatfon operation for solvlng the 

resultant matbrlx equation and i s  unconditionally stable for 

any mesh sKza or tlme step provided rectrllnear coordinates 

are used for t h e  partial dlfferential equation, However 

the geometrfc symetry o f  the chopped cone demands use o f  

cylindrlcal coordfantes, The AD1 method was chosen for 

sallutlon using cy1 lndrfcal coordinates with the 

understanding that the method might not be uncondi t io r ta l l  y 

stable In t h i s  coordiadate system, The! description and 

ltstlng o f  the computer code are given In Appendices J,3 and 

P O 7 0  

Whfls testing the computer program, the imp1 icft 

solution of the center-line In the axial direction exhlblted 

an ir regularity whose cause has not been determined, but by 

a parabol lic Interpol atlon o f  the center-l One temperature, 
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t k l s  d l f f l c u l t y  has been bypassed, As suspected, the 

numerical scheme Is not  uncond l t fona l l y  stable, For a 

reasonable f i ne  mesh ne t  (Ool*O,l cm' 1, the  correspondfng 

m i x  lmum tlme s tep  should be less than about 1,O second, 

i resul t ,  the  CQE3pUter execution t t m c  on IBM 360165  i s  

compkable t o  the  rea l  t l m e  ( t o t a l  subl iming tlme) thus f o r  

a propellant Csublfming ma te r fa l )  thickness o f  a few 

centimeter, several hours o f  computer t i m e  w i l l  be requi red 

As 

t o  complete the t rans len t  temperature solut ion,  The t y p i c a l  

temperature d l s t r l b u t l o n  shown i n  F igure 5,15 suggests tha t  

the one-dimens%on so lu t fons  o f  Sectton C 5 0 3 )  may be used as 

a f i r s t  approx%mat9bn because the temperature var ies  very 

l f t t l e  radially except I n  the v l c l n f t y  of boundary, On1 y 

f o r  the de ta l l ed  design c a l c u l a t i o n  w i l l  the computer 

program need t o  be executed i n  I t s  e n t i r e t y ,  

5,4,4 Performance parameters 

In  general, the t h r u s t  leve l  f o r  t h i s  type o f  

mlc ro th rus ter  i s  less than a hundred dynes o r  a few hundred 

micro-pounds, For ease of comparison w i t h  other th rus te r  

systemso the parameters character9 s t  i c  o f  a t h r u s t e r  were 

ca l  cu l  ated, 

Neglect ing t h e  pressure d i ' f f e r e n t l a l  e f f e c t  a t  the 

ex l t ,  the e x l t  v e l ~ c 9 t y  i s  j u s t  the r a t i o  o f  t h r u s t  t o  mass 

flow rate, The e x i t  velocity as a func t i on  of the  nozzle 

length i s  p l o t t e d  I n  F igure 5 0 1 6 0  Since t h e  e x i t  v e l o c i t y  

Is supersonic throughout the  nozzle length, the t h r o a t  
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cross-sectton is n o t  a r e a l  quanti ty, bu t  I t s  e f f e c t i v e  

locatllon can be found by ex t rapo la t ing  the e x l t  v e l o c i t y  

u n t i l  t h e  sonic  v e l o c i t y  i s  reached as shown by dashed l i n e  

i n  Figure S o l t i ,  The corresponding f f c t i o u s  th roa t  area A t  

t h e  t h r u s t  c o e f f l c i e n t  C, and the s p e c i f i c  impulse l s p ,  are 

(naphtha1 enel 

Since the performance Os s t rong ly  dependent upon the  

p rope l l an t  molecular weight and the temperature range over 

wh’lch the mic ro th rus ter  can be proper ly  operated, the 

s e l e c t i o n  o f  a s u i t a b l e  subl lmlng mater la l  is Important, I n  

t h i s  study o n l y  the biphenyl and naphthalene are  considered 

bec& se of t h e i r  adequate vapor pressures in the vOcOnity o f  

27’3’K and t h e i r  relatively hlgh m e l t i n g  points ,  SOffle Qf 

t h e i r  physfcal  p roper t ies  are given i n  Table 5,3, 
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FIG 5.1 SCHEMATIC DIAGRAM OF 
SU BL I MI NG MI C R OTHRUS TER S 
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FIG 5.5 
HEATED NOZZLE EFFECT ON 
THRUST NON-OBSTRUCTION FACTOR 
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SlON OF FUEL IN 
ThRUSTER ( BOL ) 

R=1.0 CT 

Lz0.G cv ( C  0 ’40 )  
q = 5 * 1 0 6  erg)se:-cr12 

. 5 5  

.50  . 
- Fxplicit M e t h o d  

x Implicit Method , 4 5  

.40 

\ 

3 5 c  I I I I I I 1 I I 
0.0 1 0 0  200 300 4 0 0  5 0 0  

TIME, sec 

145 



FIG 5.7 SUR E TEMPERATURE OF 
OTHRUSTER (BOL) 
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FIG 5.8 MAXIMUM TEMPERATURE IN 
CYLINDRICAL MICROTHRUSTER ( BOL) 

330 

Y 
* 3 2 0  

L i  

2 

5 

310 
3 

or: 
w 300 

LLJ 
t- 

x 
Q 
t 

2 9 U  

2 8 0  

270  

I 1 I I I I f I I 
* 

R=1.0 c n  

q = 5 * 1 0  erg /sec-cq '  
I = 0 . 6  p ( c ,*>  

x 
E x p l i c i t  q e t h o d  

I np l  i c i  t . n e t b o d  

0 '  100 200 30 0 400  5 0 0  

TIME, sec 

147 



FIG 5.9 REGRESSION OF FUEL IN 
CYLINDRICAL MICROTHRUSTER (EOL) 
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FIG 5.10 SURFACE TEMPERATURE OF 
CYLINDRICAL MICROTHRUSTER ( EOL) 
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FIG 5.11 MAXIMUM TEMPERATURE IN 
CYLINDRICAL MICROTHRUSTER ( EOL) 
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FIG 5.12 

L / R  FOR CYLINDRICAL CONE 
NON-OBSTRUCTION FACTORS vs 

L / R  RATIO 
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FIG 513 NON-OBSTRUCTION FACTORS 
vs a FOR CYLINDRICAL CONE 
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FIG 514 OPTIMIZATION OF CONE ANGLES 
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FiG 5.15 , SURFACE 
TEMPERATURE BY AD1 METHOD 
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FIG 5,16 
EXTRAPOLATION OF THROAT AREA 
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TABLE 

CHARACTERISTICS OF RADtOiSOTOPlC HEAT SOURCES 

HALF-LIFE (YR) 

ALPHA DECAY 

FI SS I ON 

DECAY (MEV) 

ALPHA 

GAMMA 

FUEL FORM 

DENSlTY (G/CC) 

W/GM (PURE) 

PUR I TY 

W/CC ( F U E L )  

CI /w 
SH I ELD I NG 

CAPACITY ( K G j Y R )  

SOURCE SBREMGTH 

(NjSEC-WI 

FUTURE COST 

( $/W, 

POLON I UM 

PO- 2 10 

0038 

00 

5 0 3  

008  

METAL 

909 

141, 

0095 

8 as 
32 

MlMOR 

1 

3 2 * lo3 

20 

PLUTON I UM 

PO-238 

86 

4, 9*1d’ 

5049 

0,044 

OX I DE 

10 

0056 

O O 8 O  

309 

30 

MINOR 

15 

5 , 2 * 1 o4 

5 40 

CUR I UM 

CM-242 

0,45 

70 2*106 

6,12 

0 0 0 4  

OX!  DE 

9 

120 

0,90 

882 

28 

MINOR 

0,15 

5 Q0O*lO 

17 

CUR I Ut4 

CM-244 

18 

1, 4*107 

5,80 

0004 

O X I D E  

9 

2,455 

0,95 

20,4 

29 

MOD E RAT E 

3 

4 4,6*1O 

64 
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TABLE 5 , 2  

COMPARISON O F  RESULTS FROM TUBMOF AND CONNOF 

L / R  r Km 
(REF)  (TUBNOF) 

0 0 5  000 0,80291 

100 000 0,67293 

100 001 0,69910 

160 002 0,72630 

2,o o,a 0,51486 

300 0,O 0,41974 

b o o  0,o 0,35619 

5,Q 0,o 0,31074 

Km 

(GOWNOF) 

0,8023 

0 , 6728 

0,6988 

00?Z61 

0 5x50 

0 , 4211 

0,3589 

0,3138 

*NOTE THE CONE ANGLE FOR CONNOF C A L C U L A T I O N  

IS FOR 88,99 DEGREES RATHER THAN 90 DEGREES, 



PHYSICAL PROPERTlES OF NAPHTHALENE AND BIPHENYL 

NAPHTHA L E M E B I PHENYL 

FORMULAR 

MePo ctl 

SPEC, HT, 

(CAL/GM-%I 

THO COND, 

t W/CM-9C, 

MOLE, WT, 

HT, OF SUB, 

(KCAL/MOLE) 

DENS 1 TY 

(GM/CC) 

CONST, A 

CONST, B 

SONIC SPEED 

AT 0 ° C  (CM/SEC) 

c10-Ha 

8 0 0 3  

00315 

0,0038 

I28 2 

1, 36?*104 

C12-Hl0  

6 8 0 8  

0,307 

l,18 

10,38 

3799 

1,243*10+ 

*NOTE THE ABOVE CONSTANTS WERE OBTAtNED PARTLY FROM 

PHYSICAL-CHEMICAL CONSTANTS OF PURE ORGANIC COMPOUNDS, 

VOL IJ, 
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CHAPTER 6 

APPL I CAT I ONS TO SUNBLAZER-TYPE S€&AR PROBE 

6 , 1 e l  Passive a t t i t u d e  con t ro l  system 

A complete passive a t t i t u d e  con t ro l  system f o r  the 

present Sunblater probe would eonstst  o f  an e rec t i ng  shel l ,  

a res to r ing  vaneo an annular viscous damper and two p a i r s  o f  

microthrusters,  The reason t o  have t w o  p a i r s  Instead of one 

p a i r  1s malnly t o  mainta in  the axlsymnetry o f  the moment o f  

i n e r t i a ,  

However, a requirement f o r  both the e rec t i ng  s h e l l  and 

the r e s t o r i n g  vane may be questionable, In pr inc ip le ,  

e i t h e r  the  e rec t i ng  she l l  or the res to r ing  vane should be 

able t o  provide the necessary e r  r i n g  and precession 

torques t o  s t a b i l i z e  the spacecraft, The ne t  re rad ia t i ve  

fo rce  ac t i ng  on the erec t Ing  s h e l l  Is shown i n  Chapter 4 t o  

have a normal component and a p a r a l l e l  component, The 

normal component 9s capable o f  a1 lgn lng  the spacecraf t  w i t h  

the sun l i n e  such t h a t  the so la r  panel a t  one end o f  the 

probe w i l l  face the suno The p a r a l l e l  component w i l l  cause 

the spacecraf t  t o  precess about t h e  sun-point ing axis, Even 

i f  the i n i t i a l  precession angle (angle between the 

sun-point ing vector and the sp in  vector)  Is greater  than 908 

the normal fo rce  component w l l l ,  due t o  the e rec t i ng  shel l ,  

Snsreasingly reduce the cone angle to l ess  than 90'. Before 
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the cone angle 1s reduced below 90' the precession i s  

retrograde and thereafter,  the precession becomes d i r e c t  

(precess Iln t h e  same sense as the spin), Th is  d i r e c t  

precession i s  s l m l l a r  t o  a spinning top under a g r a v i t y  

torque tx),, As long as the precession torque does not 

exceed i9 l i m i t  (see Sect'ion 6,103), the spacecraf t  w i l l  be 

very stable, I n  the meantimep the e rec t i ng  torque, though 

d imin ish ing  i n  magnitude, w i l l  g radua l ly  reduce the cone 

angle toward zero, 

On the o ther  hand, a res to r ing  vane can be designed t o  

accompllsh the same task, This  i s  done by making the 

external  surface of the vanbe, which w i l l  "see' the sun, a 

moderate absorber o f  so la r  r a d i a t i o n  and a poor thermal 

rad fa t l on  em1 t t e a ,  The in te rna l  surfaceB however, Os coated 

w i th  a h i g h l y  emfssive mater ia l  so t h a t  the absorbed energy 

Os rad ia ted  away from the sun by the j a te rna l  surface o f  the 

vane as shown i n  Figure 6,1, In t h i s  manner, the so la r  

pressure on the external  surface o f  the vane, due t o  the 

absorpt ton and the re f l ec t i on ,  w i l l  always sus ta in  a s tab le  

retrograde precessJon because o f  the negat ive precession 

torque [see Figure 6,2) ,  The thermal re rad ia t i on  from the 

i n te rna l  surface o f  the vane w i l l  have the same func t ion  as 

the e rec t i ng  she l l ,  The ne t  re rad la t i ve  force has an normal 

component t o  e r e c t  the spacecraf t  and a p a r a l l e l  component 

to cancel on l y  a portlon o f  the so la r  pressure force ac t i ng  

on the external  sur faceo 
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As  a r e s u l t o  both the erecti lng s h e l l  and the res to r ing  

vane are ab le  t o  erec t  the spacecraft, The main d i f ferences 

between them areg (1) the e rec t i ng  fo rce  from the e rec t i ng  

shell w i l l  always be l a rge r  than tha t  from the res to r ing  

vane on pea u n l t  surfacre area basis; ( 2 )  The e rec t i ng  she l l  

w i l l  fo rce  the spacecraf t  t o  have d i r e c t  precession rather  

than retrograde precession as i n  the case o f  us lng res to r ing  

vaneo 

6,2,2 Eu'der*s dynarnical equations 

?he extension o f  Newtones law t o  r o t a t i m a \  motion i s  

t h a t  the  time r a t e  o f  change o f  angular momentum i s  equal t o  

t h e  appl l ed  momentB i,e, 

w h e r e 6  1s the angular velocity f o r  a x i s  system, 

I n  an ax l symet r i l c  spacecraft, la =I,=IT (subscr ip t  T f o r  

transverse axils) and t h e  r e l a t i o n  between the absolute 

angular velocity of the bodys,  and t h a t  of the body axis, 

The csrrespondtng component form 

equation, or t h e  Euler 's  dynamical 

Mx lx d d ! / d t  

o f  the above moment's 

equat'ions, are 
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The d s  are no t  angular v e l o c i t y  components i n  the ord inary  

sense of being de r i va t i ves  o f  sane a t l a l  coordinates which 

deaerlbe the posltfon o f  the body a t  t ime to  To describe 

the o r i e n t a t i o n  o f  the spacecraft, Euler 's  angles are used 

as shown 8n Figure 6,2, I n  terms o f  Euler 's  angle, the 

Eut er s dynamt cat equa t i ons become Cz> 

I n  principle, the spln moment M x  the precession 

mment H, and the e rec t i ng  moment M,as a funct ions o f  t i m e  

can be Foundu so t h a t  the o r i e n t a t i o n  o f  the spacecraf t  a t  

any time t 8s the solut ion o f  the above nonl inear  coupled 

d i f f e r e n t l a l  equations, The d i f f i c u l t i e s  are: (1) the 

large bmount of computer t l m s  requ i red  t o  ob ta tn  the moment 

components as a function o f  t i m e :  ( 2 1  too many i n i t i a l  

condf t f ons  involved, Consequently, the numerical 

f n teg ra t l on  sol lutfon w i l l  be very time-consuming and the 

r e s u l t  w t l l  be d i f f i c u l t  t o  analyse and t o  draw usefu l  

conclustons f rom,  The fo l l ow ing  sect ions deal w i t h  only  the 

specllal ized solutlons t o  Euler 's  dynamical equation, 

6,f,5 Ef fec t  o f  var ious moments on precession 

For sgeady precession as shown I n  Figure 6,2, Q and U, 

are constant, so the the  precession Is g iven by 

162 



For a g iven and the precession-torque p l o t  i s  

shown I n  Figure 6030 There Os a maximum al lowable 

precession (restoring) torque MY” , above which steady 

preeesslon Ks Impossible because the spacecraft w i l l  f l i p  

upside down, where 

The pos t t l ve  precesslon torque w i l l  farce the sp in  ax i s  

t Q  precess about the pre fer red  a x i s  1 (!,eo, the 

sun-polnt lng axls) In  the same sense as the spin, as long as 

the torque %s less than MFo The ne t  fo rce  ac t i ng  on the 

splnnlng spacecraf t  due to temperature asymmetry on the  

e rec t i ng  she l l  w t  II 1 always have a pos% t i  ve precession torque 

component, Thus a so la r  vane o r  so la r  s a i l  might have t o  be 

added to insure a s t a b l e  precession, Boeo, t o  balance ou t  

a l l  o r  pa r t  o f  the p o s l t i v e  precessfon torque, 

On a d d i t i o n  t o  the p o s % t % v e  precesslon torque 

mmiponentB a h igh l y  des i rab le  e rec t l ng  torque Is a lso  

present, This erec t fng  torque w i l l  force the sp in  ax i s  t o  

sp t ra l  I n t o  the p re fe r red  a x % s  or  the a x i s  of precesslon, 6n 

other wordsB the precession cone angle i s  cont inuously 

d!mfnfshing, Howevera unless the  r e s t o r i n g  torque decreases 

as f a s t  as s!n@,-a possl ib l l  I t y  e x i s t s  t h a t  the precession 

bewmes unstable, 



Also, dur ing the s t a b i l i z a t i o n  period, the sp in  r a t e  

slows down, which has two ser ious Impl icat ions,  F i r s t  o f  

a l l ,  the precession torque w i l l  Increase w i th  decreasing 

sp in  beeause the p a r a l l e l  f o rce  component of the thermal 

r a d f a t 8 ~ n  reaches a maximum a t  zero spin, Second1 y B  BS 

shewn I n  Equattfon (6 ,51 the maxlmum al lowable precession 

torque decreases l n  d i r e c t  p ropor t ion  t o  the square o f  the 

spin, As  a resu l t ,  t o  maintain a s t a b l e  precession, the 

despin mScrQthruster has t o  be designed care fu l l y ,  l e e o #  It 

should no t  despln the spacecraft r a p i d l y  to zeroo 

6,104 Desplln r a t e  

The span behavior of an axisymmetrlc spacecraft i s  

essen t ia l l y  dependent upon the m'icrothruster sp in  moment 

alone, Its governing d i f f e r e n t i a l  equation i s  simply 

For an estimate, assume there are two p a l r s  o f  t i o e o R  a 

t o t i l  o f  four )  micaothrusters, each o f  which has a th roa t  

aadllus o f  a centimeter; the mic ro th rus ter  has a moment arm 

o f  20 ern and Its surface ils maintained at about 273 'Ko  The 

despln moment: Is about 

pll=-4*20 cm*15 dyne-1200 dyne-cm 6 7 )  

A typtcall small s a t e l l i t e  has an exla1 (o r  la rges t )  moment 

o f  I n e r t i a  o f  about 

Ix =5*10 6 gm-cm (6.8) 

Consequently, the desp'in r a t e  i s  of the order o f  2,4*16+ 

radisec which i s  l a rge  enough t o  despin the Sunblazer 
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s a t e l l i t e  from 200 rpm t o  few r p m  i n  20 hours wi thout the! 

he lp o f  a YO-YO device, Howevero about a pound o f  subl iming 

mater ta l  (obtained by m u l t l p l y l n g  the t o t a l  sub1 imine 

surface aread surface regression rate, despfn time and 

mater la l  density) i s  requi red t o  accomplish the task, so 

tha t  i n teg ra t i on  w l t h  a Yo-yo i s  needed t o  reduce the fue l  

reqwlrement t o  a ten th  o f  a pound, As t o  the res idual  sp in  

torque from the alpha emfssfon a t  the bottom o f  the cup 

a f t e r  t h e  materlal had sublimed awayp f o r  saturated 

deposl t fon (see SectSon 5,2,21 the sp in torque 1s about 1 

dyne-crn which 1s qui te  appreclalbe f o r  long team sp in  

con t ro l  because the lllfe span o f  t h i s  th rus t  Is about two t o  

three haIf-19vas o f  the alpha-emftter, 

6,1,5 Erec t lng  r a t e  

Durfng the desplnning pertod, the e rec t i ng  she’ll w i l l  

nea r l y  a t t a i n  the equ%l  ibr ium temperature d i s t r l bu t l on ,  and 

the nu ta t i on  w l l l  be damped out  by the annular viscous 

damper (see Sect ion 2,3,1) , AssumOng the t rans ien t  

preeessaon and e rec t l ng  torques do no t  a f f e c t  the a t t l t u d e  

sign!f !cant ly,  the 8nitOal motion o f  the spacecraf t  Is 

slmply a slow re t rograde precession about the sun ax is ,  

Since the precession torque and the sp in  remain r e l a t i v e l y  

constant, the e f f e c t  o f  the e rec t i ng  torque on the 

spacecraft can be found from the  M, expression of Equation 

( 6 , 3 3 0  The resu l tan t  e rec t i ng  r a t e  i n  terms o f  the e rec t i ng  

torque Os 



For a practical design, t h e  n e t  precessfon torque (algebraic 

sum o f  the solar pressure torque and the parallel torque 

csmponsnt from the erecting s h e l l )  Is very small, hence the 

precsssfon r a t e  Is usually very much smaller than the spin 

rate,  The erecting r a t e  1s further s impl ' i f l ed  to  

A shell (thBckness=O.OX crnQ radluod5 c m B  l e n g t h s 2 5  cm) w i l l  

y i e l d  an erecting force of  O o O 1  dyne a t  the optimum s p i n  o f  

0,037 rad/sec8 so an erecting torque o f  0.25 dyne-cm i s  

ach8evoble0 As a result,, t h e  erecting ra te  for the bare 

shell Is about 1,3*166 radjsec and t h i s  rate w i l l  decrease 

as t h e  spacecraft precession cone angle is decreased because 

of  the reduclng solar i n p u t  t o  the shell surface, 

Therefore, I t  w i l l 1  take on the order of two weeks t o  

stab! 1 Oze the spaeecraft. 

The main drawback of the above scheme i s  the 

vulnerabtllty t o  small perturbation torques because o f  i t s  

low sp8n rate, A radlolsotope-heated shell can resolve t h i s  

d f f f  lcul t y ,  For a surface heat  flux of 0 ,2  wattdcm, the 

optlmwn spin rats 1s 0,14 rad/sec  and the correspondlnp 

ereetlng torque ls about 0,23 dyne-cm, Due t o  t h i s  large 

Jump on t h e  spin, the erecting ra te  Os down t o  4,1*1i7 

r a d  /see, Consequently, t h e  s t a b i l  izatton t ine  increase to 

about one month. 
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For short-term stabl18zat ion, the sub1 lming mater ia l  

ce&ed'shel l  1s r e a l l y  the  best performer. Even a t  a sptn 

o f  6,J rad/sec (way above the opttmum spin), the e rec t i ng  

forae Os near l y  28 dynes and the e rec t i ng  torque i s  about 

45Q dyne-cm, The e rec t i ng  r a t e  'is 3*10-4rad/sec which can 

damp out  the precession i n  a few hours a t  most, 

6 2 1 I n taoduet ! on 

in  general, any o f  the above erectSng she l l s  can be 

made t o  work f o r  a so la r  probeB 1 ike he present Sunbl azer 

satellite, 6f the sp in  Is con t ro l t ed  actively, For 

instance, a steppfng motor may be used I n  conjunct ion w i t h  

an attitude sensor t o  swi tch the sp in  torque by tu rn ing  the 

microthrusters  such tha t  the s p l n  of' the spacecraft can be 

Increased, kept constant and decreased, 

Dfsaegardlng the present Sunbll azer a t t 3  tude-control 

design phStosophy, the e rec t i ng  she1 1 and the microthruster  

are able t o  f w l f f l l  the stab019zatBon requirements for  

fu tu re  s o l a r  probe missions, Three conceptual 1 ight-weight 

attftude con t ro l  systems are descr l  bed i n  t h e  fol lowing 

sect 1 ons 

6,2,2 Passfve systems f o r  i n f e r i o r  o r b i t  probes 

For Onferlor 0rb8t  probes, the so la r  inpu t  Os q u i t e  

adequate SO the pure aeradlat tve torques from a t h i n  

metal 1 1 e she1 11 and a res to r  %ng vane re rad i  a t  i ve 0 nternal  
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surface) can be acceptable I n  the f o l l o w i n g  passive system 

design, 

The chopped-cone mic ro th rus ter  Is designed t o  have 

m w g h  subliming rnater la i  such tha t  the spacecraft lis very  

r a p i d l y  despun s h o r t l y  a f t e r  launch t o  the v i c i n i t y  o f  

optimum spln, In thOs low sp8n range, the e rec t i ng  torques 

from the thermal reradfat rons (summation o f  the e f f e c t s  o f  

the she l l  and vane) are most e f f e c t i v e  i n  reducing the 

precession cone angle and e v m  a t  zero splina the re rad ia t i ve  

fa rce  Is s t l l l  capable o f  damping out the resu l tan t  

1 Ibrat l lonal  motBon (JJ, During th9s erec t i ng  perliod, the 

small r e c o i l  t h rus t  due t o  the radOoOsotoplc emission o f  

alpha p a r t i c l e s  from the depleted mic ro th rus ter  despins the 

spacecraf t  t o  zero and then s t a r t s  t o  sp in  up i n  the 

negative d l r e c t f o n  so the e f f e c t s  o f  the pe r tu rb ing  torques 

due t o  t h e  Interspace magnetic: f % e l d o  meteoai tes 

b ~ ~ b a ~ d ~ ~ d ~ e n t ~  and outgassing from 1 eak-jol n t s  can 

gradually be reduced, This 1s by no means a foo l -proof  

system because ahe exact dynamieal behavior o f  the 

spacecraft near zero sp ln  1s s t l l l  not  well understood, 

6,ZOb5 Semi-passive system f o r  I n f e r i o r  o r b i t  probes 

The d ~ ~ a d v a ~ ~ ~ ~ e ~  o f  the pasis9ve system are main ly  the 

slow response and the I n f l e x l b i l Q t y ,  The above passive 

system can be lmprsved by I ns ta l  Ong a motor which, on 

command from the a t t i t u d e  sensorB 1s able t o  swOtch the sp in  

moment from pocDt8ve t o  zero o r  negatOve and v i c e  versao 
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One scheme which can make good use o f  t h i s  'swi tch ing '  

motor and attitude sensor comblnation i s  the fo l lowing,  A 

cy l f nda ica l  strSp-gap vane as shown En Figure 6,4 w i t h  the 

Onteand surface? coated w i t h  sublEimtng mater ia l  i s  placed a t  

the rea r  of the spacecraft, A t  any instant,  the a t t i t u d e  

sensor detects a dev la t fon  drerrn a preset precession cone? 

angle, the rnfcrotheusters w i l l  be positioned proper ly  by the 

swl tchfog R I G J ~ Q ~  t o  despin the spacecraf t  toward a 

predetermined sp ln  r a t e  where the? undesl red posf t i v e  

precession torque due t o  the para l  1 e l  component i s 

OnsOgnIflcant ye t  the e rec t l ng  t ~ r ~ g u e  due t o  the normal 

cmponesnt 8s s t i l l  q u f t e  appreciable t o  s t a b i l i z e  the 

spacecraft, As soon as the desired a t t l t u d e  Os a t ta ined  

again, the m l ~ r o t h r u s t e r s  wOll be switched so the sp in  w i l l 1  

go back ts the orr lg lnal  steady s t a t e  value a t  whOch small 

d fs t rub lng  torques are not  llkely t o  upset the a t t i t u d e  o f  

the spacecraft, i n  the event the a t t i t u d e  is thrown o f f ,  

the above procedure 8 s repeated, SI nce sub1 Om% ng mater I a1 s 

on the vane and i n  the mic ro th rus ter  must be present 

throughout the ml/ss%onB the ~ u b l ~ m a t ~ ~ n  r a t e  dur lng i nac t i ve  

pealed should be less than one cmiyear, As a r e s u l t B  the 

steady s t a t e  surface temperatures have o be less than 225°K 

In Qrder t o  reduce the weight penallt les for the subl iming 

matealalls, The sub1 Omstion rate and pressure as functions 

o f  temperature are shown I n  Figures 6 , s  and 6 a 6  f o r  

naphthalene and biphenyl, For long mYsslons, biphenyl i s  a 

swftable mater ia l  because o f  Its low subllmfng rate, 



intuSt!vely, the  t h r u s t  l eve l  Os dependent on the surface 

r i d f a t i o n  prsper t l es  os we l l  as the gap-s t r ip  r a t l o ,  The 

cy1 Tndrlcal vane shewn in Flgwre 6,4 should reduce the 

steady s t a t e  f u e l  loss  through continuous sub1 Omatfon, 

6 0 2 0 4  Actlve system for super ior  orb1 t probes 

FOP probes designed t o  explore the e lec t ron  dens i ty  

and Interspace magnet%@ f i e l d  beyond the Ear th 's  o r b i t s  and 

up t o  50 AU dtstance such as pioneer scout ing s a t e l l i t e s  f o r  

the Grand four mission, almost a l l  present systems have t o  

be modifled, Because o f  the I /rz  at tenuat ion  on the so lar  

f lux,  the e l e c t r i c  power generation w i i l  have t o  t u r n  t o  

nuclear devices such as the gadloisotope therrnoelectr lc 

generator [RTG) or the radiofsotope thermfonlc devices, 

Also, as r e s u l t  o f  long transmlssion path, a high-gatn 

antenna i s  necessary whlich makes the a t t i t u d e  con t ro l  

requirements q u l t e  form%dable, 

Although, the e rec t i ng  s h e l l  and the r e s t o r t i n g  vane 

w i l l  lose t h e i r  appeals,  the microthruster  can s t i l l  be used 

t o  suppll ant the 0 r or  i g 1 naB f unct 1 ans (geneeat 0 on o f  the 

erecfl lng torque nd the negat ive precession torque and the 

despfn torque), T h i s  task Os accompllshed through an act9ve 

~oup lDng  o f  t h e  r n ~ ~ ~ ~ ~ h r ~ ~ t e ~  and the a t t i t u d e  sensor 

system, 

The sequence o f  I n te rac t i ons  to stabilize the a t t i t u d e  

f s  the following, From Figure 6 J 0  the sp in  ra te  and the 

relative angular pos f t tons  o f  each pair  of microthrusters  



wOth respect t o  the precession a x i s  ( i ,e , ,  the angle between 

the I t n e  connectlng each p a l p  o f  m ic ro th rus ters  and the 

precesslion plene or the plane of the sun-point a x i s  and the 

body axOs3 can be determined by the a t t i t u d e  sensorso Then 

a t r i g g e r  s igna l  delayed by a preset  sp in  angle s t a r t s  thcs 

tu rn lng  o f  each p a i r  s f  mlcro thrus ters  a t  the same r a t e  as 

t h e  spin, On each sp in cycle 011 three moments are 

generated as shown On Flgure G o a o  The dirrsct8on o f  t u rn ing  

w l t l  o n l y  a f f e c t  the e rec t i ng  torque and the precesslon 

torque bu t  net the  spin torque whleh Os always averaged t o  

zeroo The tfme-delay on t r i g g e r i n g  the tu rn ing  w i l l  a f f e c t  

the w ~ v ~ f ~ r m s  o f  the precession torque and the e rec t i ng  

torque as shown i n  Figures 608 and 6,9, 

The ~ ~ x ~ r n ~  averaged precession or erec t i ng  torques are 

on ly  a h a l f  o f  t h e  ~ a x ~ m u m  sp in  torque, These torques are 

independent o f  the spacecraft a t t i  tude, % n  p a r t i c u l a r  the 

precessifon cone angle, w i th  an exception tha t  as the cone 

angle reduces t o  ZWQ the a t t i t u d e  sensor will n o t  be able 

ta t r i g g e r  the tu rn ing  proper ty  (assuming the sensor i s  

attached a t  the ~ ~ r ~ p ~ e ~ y  o f  the spacecraft),  Since the 

precesston 'is a func t l on  o f  t i m e  , the a t t i t u d e  sensors may 

have t o  triggar f requent ly  f o r  l n s t  nce, one t r l g g e r  f o r  

every t w o  or three sp in  cyc les dur ing the s tabOl iza t ion  

period, Once the des i red a t t i t u d e  % s  attained, a l l  torques 

can be reduced t o  2er0 by tu rn ing  the microthrusters such 

t h a t  the sp in  torque 8s zeroo Whenever the  a t t i t u d e  sensors 

detects  la rge  deviat ions, t h % s  s tab i l smat lon  system w l l l  be 



a c t i v a t e d  agaln, 

I n  prl lncfple, heat-pipes can be used t o  con t ro l  the 

h e a t  f l u x  supply for sublimation by mechanically causing the 

heat-plpes t o  contact  a heat source whenever heat i s  

re qui red, In  so doingg the fue l  requirement can 

sign1 f tcantl y be reduced, A l  ternat  f vel  y, the 1 ong- 1 i ved 

radloisotopic re~ofl momentum can be used f o r  generatfon o f  

thrust, however, the s tab i l 9za t fon  t ime w l t l  have t o  

increase beoiause o f  tho  low thrust ,  The s t a b i l i z a t i o n  t ime 

can be shortened i f  the spacecraft i s  despw whenever 

s tab f l 8za t fon  Ss c a l l e d  f o r B  and as soen as the 

stabtltratton Is attained, the spacecraft i s  spun up t o  a 

s te idy  s t a t e  spin, a t  which the spacecraf t  Is r e l a t i v e l y  

lmnuns t o  external torques, 
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FIG 6.1 CROSS-SECTIONAL VIEW OF VANE 
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FIG 6 . 2  DEFINITION OF EULER’S ANGLES 

FIG 6.3 GRAPHICAL REPRESENTATION 
OF E q ( 6 . 4 )  

For a g f v e n  wpan-i 8 
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FIG 6.4 CROSS ECTIONAL VIEW 
OF STRIPGAP VANE 
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FIG 6.5 SUBLIMING PRESSURE 
vs TEMPERATURE 
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FIG 6.7 
RESULTANT THRUSTS FOR SYNCHRONIZED 
TURNING OF MICROTHRUSTER (trigger e = O  ) 
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FI 
RES ULTA N T THRUS TS R SYNCHRONIZED 
TURNING OF MICROTHRUSTER (trigger e=90°) 

me o f  t r l g g e r ,  e = g o ’  
so 1 at= I npu t 

v a r i a t i o n  of 

t h r u s t  i n  a s p i n  cycle 

t 
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FIG 6.9 
RESULTANT THRUSTS FOR SYNCHRONIZED 
TURNING OF MICROTHRUSTER (trigger 0=135") 
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CHAPTER 7 

CONCLUS D OMS AND R E ~ ~ ~ M E N D A ~  I ONS 

The aoncl usIons raacRed I n  study! ng the appl I cat  I ons of 

rad!afsotopas and sub1 imlng materials f o r  a t t l  tude con t ro l  

ef small so lar  probes are l i s t e d  below, 

Alpha-emf t t i n g  radiolsotopes w i th  moderate 

h a l f - l i v e s  are much super lor  t o  beta and gamma emi t te rs  i n  

appl Seatlions 6"Qr a t t i t u d e  Control These isotopes can 

readi ly  Increase the optimum sp in  o f  an e rec t i ng  she l l  so 

t ha t  t h e  spacecraf t  1s more Immune t o  d l s tu rb lng  torques, 

Furthermore, they are Bndlspensable i n  supply ing uni form 

thermal eneee;y 00 a sub1 i m f n g  microthruster  f o r  f a s t  s p i n  

con t ro l  , Add% t l s a a l  ly, they a r e  usefu l  t o  generate small 

r e c o l l  t h rus t  f o r  Bong term, f i n e  spin c ~ n t r o l ,  

( 2 )  Orgaaalc: subl fmlng materrlals a r e  found t o  be ve ry  

suitable f o r  use ? n  magnlfy lng the e rec t i ng  torque from an 

ceatod erect ing s h e l l  by several orders o f  magnitude over a 

wide range o f  sp in  On cornpartson w i t h  a bare t h i n  m e t a l l i c  

she l l ,  A s  a resultB t h e  erec t i ng  s h e l l  can s t i l l  f unc t i on  

e f f e c t  8 vel y w e n  t a relative high sp in  rate, 

( 3 )  A ~ ~ c ~ ~ t h r u ~ t ~ r  fue led  w i t h  subl%m%ng mater ia l  can 

convert almost a l l  the thermal energy imparted to the 

sublimed mslecules i n t o  u s e f u l  t h r u s t  by proper design o f  

the nozz le cone angle and length, 
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(43 A t  a given subl0metOon ra te6  the  t h r u s t  can be 

f u r t h e r  Increased i f  a port8on o f  the nozz le s k l r t  Is heated 

rad  f 0 i s b t o ~  cia 1 y o  

( 5 )  The apgl I ca t l ons  o f  mic ro th rus ters  and/or e rec t i ng  

s h a l l  a rc  found t o  be a t t r a c t i v e  f o r  s t a b i l i z i n g  the 

Sunblazer probe, With proper feed-back cont ro l  mechanl smsd 

the app l ica t ions  o f  the above devices are able t o  be 

extended to  a wOde v a r i e t y  o f  satellites, In  particular, a 

p a i r  o f  mlcaothrusters can produoe torques i n  a l l  three body 

axes t o  con t ro l  the  a t t i t u d e  o f  any t i g h t  spacecraft, 

Investigations on o ther  requl red studies l e d  t o  the 

fo l l ow ing  ccmcIus8Qnso 

(11 In many cases o f  Interest ,  the t rans ien t  thermal 

a n a l y s e s  of e rec t l ng  s h e l l s  and mlcrothrusters, can be 

carrled out by consider ing on ly  zero or one spa t ia l  

dependence wfthout appreciable loss o f  accuracy, Numerical 

Ons tab l l f t y  1s found t o  l i m i t  the t i m e  step f o r  ADO so lu t i on  

of a subl lmlng mic rs th rus ter  where both rad ia l  and axla1 

heat conduction e f f e c t s  are accounted for, 

( 2 )  The t rans ien t  FperDod foe an e rec t i ng  she l l  i s  sho r t  

(less than an hour) i f  the a t t i t u d e  o f  the spacecraf t  i s  

f Ixed, However, dur ing  s t a b i l  i t a t i on ,  the a t t i t u d e  

cons tan t ly  changes, so the t rans ien t  e f f e c t  should be 

included fn de ta l l ad  dynamic analyses, 

( 3 )  The numerical technique (modlf fed Monte Carlo) 

devetoped for the non-obstruction fac to r  ca l cu la t i ons  o f  

molecular f low Is very f l ex fb le ,  accurateo and can include 
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conplex physical  phenomena, The r e s u l t s  were appl ied t o  

study the evapora t im  process and found t o  be useful ,  

(4) The absve numerical technique was adapted t o  

analyze the gas dynamlc aspect o f  the sub1 imlng 

microthruster ,  The r e s u l t  c l e a r l y  paved the way t o  an 

Improved design o f  the micrathruster,  

The present study Is b y  no means complete, Several 

areas are open fo r  Imnedlate fu r the r  research, 

(1) The method o f  oa lau la t l on  o f  the molecular 

~ o l l l f s l o n  e f f e c t  on the non-obstruct ion fac to r  needs 

refinernenti, s ince the evaporation c o e f f i c i e n t s  der ived from 

e x i s t l n p  experimental data of mass f low experiments appear 

t o  be low thus suggesting t h a t  the molecular c o l l  i s i o n  

e f f e c t s  used In ob ta%n%ng the evaporatlon c o e f f i c i e n t s  have 

been underest !mated, 

( 2 )  The technique developed f o r  non-obstruct ion fac to r  

ca l cu la t i on  should be appl l cob le  t o  s h i e l d i n g  ca l cu la t i ons  

i nvo l v ing  neutron and gama ray streamlng through a gap or a 

beam-port 

( 3 )  The assumption tha t  the subl lmst ion surface 

r e f l e c t l o n  c o e f f i c i e n t  f s  one mlnus the evaporation 

c o e f f f c l e n t  can b e  tes ted  experfmental ly a5 ou t l i ned  i n  

Section 3,2,3, I d :  i t  is ver i f fed,  the evaporation 

coefficient theory will be placed on a f i rmer  base, 



( 4 )  In the chopped-eone mlc rs th rus ter  analysis, the 

subllnation surface is assumed f l a t ,  bu t  In  r e a l i t y  the 

surface becomes eoncave, The effects o f  t h i s  curved 

subl lmlng surface on t h e  t h r u s t  are yet  t o  ba Invest igated, 

tfi)  U t l l l r a t O o n  o f  molecular d i ssoc ia t i on  may Of fer  ia 

means fer a marked Increase i n  mic ro th rus ter  perfsrmance, 

but  a rad l ca l  change I n  the  design proposed here would be 

requ l rsd  tn  order t o  provlde the  Few e lec t ron-v@l ts  o f  

energy requt red pea mol acull e t o  induce mo l  ecul a r  

d I ssoc t a t  f on 

r[;63 Detailed analyses should be ca r r i ed  fer  the dynamic 

behavior o f  so la r  probes whlch Incorporate the varlous 

e rec t i ng  shell and mlaaotheuster designs proposed here i n  

order t o  detemSne the s p e c i f i c  des3gn requirements f o r  

s p e c i f i c  missionso 
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APPENDIX A 

whe PQ 

Sftell 

APPROXIMATE ANALYTl C SOLUTl ON OF t-Q 
PARABOLIC PARTIAL D I F F E R E N T I A L  EQUATION 

The p a r t i a l  d i f f e r e n t i a l  equation 6s o f  the form 

symbols a r e  def Kned In APpendl x MB Is used for Thin 

Approximation In Section 4 0 3 0 4 0  A t  steady state ,  the 

temperature distribution has the approximate form o f  

C A a  

B y  trlgonometric expansion, T (@,t) becomes 

and 

and,can be expanded as 

Substltutlng t h e  above quantities i n t o  the governing 

185 



Since the above identity Is forced to h o l d  f o r  all t and 9, 

the cseffielents of the sine, coslne and constant terms must 

be zero@ f o e o b  

The solutlon i s  

1 ... ,.(CRY 
= t d n - '  ( - p c r L p r u  

4 c O- r'T$g t w r  
For sublfmDng matertal coated s h e l l ,  a heat loss term 

EXP(A,-IO/T) 8s added to the dfffarentlal equation, 

6) 
ET 

The 
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The results for M and are given i n  Section 4 , 3 , 4 ,  
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APPENDIX B 

APPROXIMATE ANALYTIC SOLUTION OF OPTIMUM S P I N  RATE 

In Section 403048 t h e  approximate ana ly t i c  optimum spin Is 

obtained as fo l lowing,  A t  the steady state, the temperature 

d is t r8but8on Os ap7proxfrnately given by 

In  an Sner t la l  f l k e d  coordinate, the temperature 

d l s t r l b u t i o n  i s  f i x e d  as shown i n  Figure B,1 and Os reduced 

to  

T ( e , m > =  T , d S [ l t M ( 4 s i h ( 8 t  Y@J.-?.~J (55. 2 ) 

The n e t  Pwce component i n  B d i r e c t i o n  (or  normal t o  

solar ray) 8s propor t iona l  t o  the fo l l ow ing  i n teg ra l  

Taking the de r i va t i ve  w i t h  respect t o  wB and s e t t i n g  the 

r e s u l t  equal t o  zeroB the r e s u l t  i s  

where parameters arc def ined On Sect fsn 4,3,4 and Appendix 

M, Thts is a 6th order equatfom from whfch a p o s i t l v e  ree l  

rrsot 8s t o  be solved, There shoul d be on1 y one rea l  root 

whleh Os the optimum sp%n speed foe a maximum e rec t i ng  

foree, 

The method o f  ,$nalyt ic so lu t l en  t o  this 6th order 

algebrafc equation fo l lows, Transform the equation t o  
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z 
cubic(by se t t i ngU=y ,  then e l i m i n a t e  t h e  q u a d r a t i c  term by a 

1 l nsa r  t rans fo rma t t sn  (y=x+K), where K=-(2K'7I2J(+3T2T2 "f)/(4.'* z 

4). The cub ic  has t he  form o f  

2 

X3fpX t Q = O  

NOW@ t h e  t h ree  roots a re  by Cardan's Formula ( 

(E.. 5 1 

Since the d tsc r im tnan t  1s negatlve, a l l  three! r o o t s  a re  

reala  From the OesCartes@ Rule o f  Sign ( the  o r i g i n a l  

6th order polynomlat and i t s  t ransformed cub ie  equatfon have 

one and o n l y  one v a r l a t i o n  of sign, so t h a t  the  equat ion can 

have at  most one posVtsvje real r w t o  On t h e  o the r  hand, the  

cub ic  equatlan can have a t  most two nega t i ve  real rootsI 

henoe the orfglnaa equat ion can o n l y  have one p o s i t i v e  r e a l  

r o o t  which 1s t he  des i red  optimum spin, The c losed form o f  

th is  root given i n  Sectfern 41,3,4 was obta ined by means o f  

t 

the complex v a r i a b l e  i d e n t i t i e s  man ipu la t ion  sf  Equation 

~ 1 3 e f j l o  

The nurnerlcal r e s u l t s  f r s m  t h e  a n a l y t i c  expression 

EquatllQn (B,6) have been checked against  t h e  d l r e c t  
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numerical solution o f  the origlnal polynomial, The SIX 

reots indeed contained only one positive root which agreed 

ts four or five sfgniffcant f igures w i t h  the ctssed form 

solutfono 
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FIG B.1 STEADY STATE 
TEMPERATURE PROFILE 

ma 
T CJ.--\ / t e a l y  s t a t e  teiper 

distribution Y 
a t u r e  

sp inn ing  s h e 1  1 7\ 
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APPENDIX C 

GRAPHICAL EXPLANATIOMS FOR NSHELL SQLUTIOR) 

For a given conffguration o f  the erect ing shell ,  t h e  

steady s t a t e  temperature pref f  le around the shel l  with 

respect to  the sun 8s independent of  time, however, the 

t r i n s f e n t  behavior i s  very rnueh dependent upon the i n i t f a l  

conditions, The steady s ta te  temperature p r e f i l e  I s  

chiracter lzcd by the maximum TmK4 the minimum Tmio and the 

phase lags and as shown I n  Figure C O T ,  To a good 

where t c  i s  the time required ts ro ta te  t o  L, and “r; i s  the 

time required t o  ro ta te  to  L, from the positions shown I n  

t h e  ffgures, 
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I" 

Ttatk 
I 1 =--- - -- !------ 

w i l l  dlsappear, Instead the translent  d is t r ibut ion  w i l l  look 

l i k e  a slanted s t a i r ,  
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APPENDIX D 

RECOIL  PRESSURE OF PHOTONSI NUCLEAR 
DECAY AND SUBLI MlNG PART1 CLES 

( 1 )  Solar pressure on a projected surface i s  

PSUQ =direct solar pressure + re f lec ted  solar 

where l o  Os the solar f l u x  a t  a distance 2 AU 

c 1s the speed o f  1 ight  

e i s  the emissivity 

C f ? )  Thermal rad ia t ion  pressure: 

For a df f fusc surface the tcstal emissive power Is E = V l .  

t h e  tlme ra te  o f  change o f  norma1 momentum i s  

dp, = E cosz+ a ( z R T z S 1 n ( P d Q ) ) / ( K c . r Z )  

= 2EcO.sL+ d'17 cpd +/c 

p,=2€/c * (  Cos+sin + d (P 

= -/3c 

*/2 

0 

- CT4/3G (PI. 3 )  

( l i S 3  Nuclear dfsintegratOon pressure; 

The recoil mornentun due to  a r e l a t i v i s t i c  p a r t i c l e  i s  

The number of dis integrat ion per u n i t  area E/C*(1+2mCe/E? 

is 



N=disOntegration per Watt * Watt per area 
I O  

=3,7*10 * 1,686*10e/E(mev)+WPA (0.4) 

( D .  5 > 
The dfstntegratien pressure Is then 

o ,  1332 Y I D-4 wpq ex p - A  t < I t 2 ~ d c z / E  Pd = 

*This expression i s  good only i f  the deposited layer 

thickness Is much smaller than the alpha range In the 

matertal, leeo, self absorption i s  nagliglble, 

( I v )  Sub1 Kmation pressure: 

The t=ec~tl  pressure duo to subltmation t s  quite 

complex, but as a daflnltlon (2) 

Ps = a( PVlZ  

D. 6 )  = eG6.6+0( * e % p ( 2 . 3 b 3  ( A - B / T ) )  

where P, i s  t h e  sub1 imatfon vapor pressure 

d i s  evaporation coefficient 

T I s  the subliming temperature 

* The expressfon i s  good only i f  the reflection i s  specular 

and constanto 
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APPENDIX E 

DERIVATION OF THE RELATIONS BETWEEN 
RECOl L PRESSURE AND REFLECT! ON C O E F F l  ClENT 

t a t  the i n ta rac t i ons  o f  vapor molecules w i t h  sol i d  

surfacesb f o e o g  the r e f  1 ec t I on dl  f fuse+specul a r) 

c o a f f l c t e n t  as a func t i on  o f  the inc ident  angle 63, speed v 

and surface temperature T be ~ ( 4 3 ~ v , T ) ~  The f r a c t i o n  o f  the 

mo1acules whSch do n o t  r e f l e c t  are assumed t o  be condensed, 

The f r a c t l o o  which does not  r e f l e c t  Is assumed t s  be 

condensed., A t  k l n e t l c  equi l ibr lum, the f r a c t i o n  condensed 

Is equal the faac t fon  evaporated, Therefore, the total 

number o f  molecules evaporated from a p l a i n  surface i s  

propor t  tonal t o  

where f ( G B v )  Is the number o f  p a r t i c l e s  reachtng a u n i t  

surface area per un l  t t i m e  and sol i d  angle 

w l th  speed between v and v+dv 

A t  thermal equl l tbr lum, the vapor-pressure ac t i ng  on a 

surface cons is ts  o f  the con t r i bu t i ons  from evaporation, 

condensatten, d i f f u s e  and specular re f l ec t i ons ,  That fs 

p v = f e t p c  + Q d  t P s  ( E d  

P e t  PG (E, 2 )  
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where the barred quantf t ies are the MaxwellIan dls t r ibut ion  

weighted averages The r e f l e c t i s n  coefficients are 

functions o f  the surface temperature, the Incident angle and 

speed, The t o t a l  r e f l e c t i o n  P I S  the sum o f  the specular s 

and t h e  dtf fuse r a f l e c t l o n  6 Substi tut ing t h e  above 

expression in to  Equation ( E 0 1 I g  the relat ionship between P,, 

Only I f  d Is zero and B i s  independent o f  both  the 

lncldent angle and speed w i l l  the above expression reduce t o  

W p ,  5 I -  r )  

= 2/(1-s J = V G 4  C € #  6 )  
where d 1s the evoporatfon coef f ic ient  
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APPENDIX F 

GEOMETRIC R E L A T l  OHS FOR SPECULAR 
P A R T I C L E  R E F L E C T I O N  I N  SPACE 

A p a r t i c l e  o r l g l n a t l n g  from P, (x ,  @ y ,  . + . 2 , )  and inplnging 

the wa l l  a t  P, ( x o B y e 8 z , )  w i l l  be r e f l e c t e d  and w i l l  pass P3 

t x 8 y , z l o  The o ther  po in t  ly6ng on the normal o f  the surface 

o f  r e f l e c t i o n  i s  P,(O,O,z 1, Since Po ,P, .Pz,P, are i n  a 

same plane and P, Is a m i r r ~ r  Imaga o f  PI a plane equation 

and two sphere  equations can be wrlt ten t o  solve f o r  P3 

If P,  i s  on the wall, so w i l l  be Ps0 But i f  P, is not 

on the wall,  the I n te rsec t i on  point has t o  be s o l v e d  from 

the line tpasstng through P,.+.s 1 and t h e  cyllndrieal surface 

stnur taneQUslyo 

The specular r e f l e c t i o n  from a chopped cone wall Is 

m r e  complex because the  surface normal i s  n o t  r e a d i l y  

obtainable, The procedure t o  ca l cu la te  the r e f l e c t e d  beam 

I s  simtlar t o  tba t  o f  a cylinder, but  the resu l tan t  

expressions are  very complicated, They are used d l r e c t l y  in 

Subroutine CONREF I n  program CONNOF (see A ~ ~ ~ ~ ~ ~ x  K , 2 l 0  
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APPENDIX G 

DERIVATION O F  PARTICLE F L U X  DUE TO SUBLIMATION 

The angular mas5 f l ow  ra te  from a d i f f e r e n t i a l  area dA 

f o r  molecules havlng v e l o c i t y  in  v and v+dv Os (mA/4-rr)vdnr 

aosedA, The number of these molecules streaming through a 

unf t sphere Os (d/4x)vdn,eosB(dS/ f ldA par unIt  t l m e ,  The 

everage rcasldence tfme of these molecules i ns idd  the u n i t  

sphere 1s 4r/3v0 A t  any instant,  the number Qf these 

moleeules stationed i n  the sphere Is ( d / 4 ~  )vdnl, a!os@dS/a' 

)(4r/3v)dA0 The f l u x  or t r m k  length due t o  these molecules 

i s  ( ~ r 3 / 3 1 2  ~vdn,,-cos@dA o r  (OC/43l" l vdn, e:on@dA, Tha f l u x  

f r o m  molecules of a l l  speed i s  j u s t  @ h / ( 4 - r r l r ) ) i S ~ ~ ~ B d A  or  (A 

n;z/4s 1 )dA, Summation o f  eont r fbu t ions  o f  a l l  the 
3 

elemental area dA w i l l  y i e l d  the f l u x  a t  the l oca t i on  o f  tho 

sphere due t o  the sublPmatOon only, The correspond li ng 

p a r t i c l e  densi ty Os n=r(dAP( n z / l z  l o  f rom Contr I but f ons 

channel wall a e f l e c t l m  and reemission are no t  Included I n  

the abeve sumatSon, 



APPENDIX H 

OESCRIPTJONS OF COMPUTER PROGRAMS FOR 

THERMAL ANALYSIS OF THE ERECTING SHELL 

t h i s  program ( S T R I P )  solves f o r  the temperature 

d f s t r f b u t f o n  around a s h e l l  by neglecting the e f f e c t s  of 

thermal c;onductIons. The shell divided i n t o  JM s t r i ps ,  A t  

each tlme step 41s f t x e d  by JM), the temperature i s  sa t  t o  

be uniform; however I t  can bet very easily modi f ied for any 

i t7 i t l ;a l  distribution, The maximum, minlmum temperatures and 

phase lag a t  each t i m e  step are computed and recorded f o r  

PlQttfng a t  the end o f  the computation determined by TMAX i n  

sccOndso 

Subroutines: ARRAY, PLOT, FORCOM, CURVE, 

funct ions:  FUN, PlFQ2, FHd FN 

Compfllerx WATFOR 

ExecutOon tfmcs: O o 7  minute 

The complexity o f  the coding Oncreases s i g n i f i c a n t l y  by 

f nal ud I ng the tangent 0 all heat conduct 1 on e f fec ts  , The 

c o e f f i c i e n t s  o f  t h e  d i f f e rence  equat lsn f o r  each s t r i p  are 

czomputad and stored On the c o e f f i s i e n t  matrix, The number 

o f  s t r fps,  JMb l a  pre fe r red  t o  be odd and less than 50, For 

each time step, the w t r ' l x  Is solved by Gaussian reduct ion 

method, the reradlatKve fo rce  componentsg maximum, minimum 

temperatures and phase lag are crksmputsd and recorded, The 

In te rac t i on  Is terminated as scam as the NMAX ( (2001 t ime 
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steps o r  the steady s t a t e  has been reached, The s tored 

informations are p l o t t e d  out  and the steady s t a t e  

temperature d i s t r i b u t i o n  i s  expandad numer ica l ly  i n t o  

Four ier  slne and cosine serfes, The apprsxlmate a n a l y t i c  

resul ts  are computed f o r  a 

Subsrout ines: RECO I L ,  FOR I T r  RGRAPH, PLOT, 

ARRAY CURVE, APPROX, SI MQG 

Function: SlNHR 

Compl ta r  :: WATFOR, FORTRAN G 

Execution time: 1,s minute 

By consider ing the rad ia l  heat conduction alone, the 

partial d l f f e r e n t l a l  equation remains one dimensional, 

However, f o r  each t ime  step, the equation has t o  be solved 

as many tlmes as 3M (number o f  s t r t ps ) ,  The d i f f erence 

equatlon f o r  each eoncentr lc  layer y i e l d  a t r id lagona l  

ma t r i x  which are s tored i n  AA and solved by the f a s t  ma t r i x  

f ae to r l za t l on  method, The surface temperatures are  p l o t t e d  

out occasfonal ly  b o t h  fn  r e c t l l i n e a r  f o r m  and In  po la r  form, 

The ~~~~~~~, m%nOmumr and phase l a g  f o r  t h e  i n te rna l  and the 

external  surface are p l o t t e d  ou t  every 100 time steps, 

Subasutfnss: OUTPTZ,  STRIPB MATFAC, P H A S E ,  MAXMIN, 

,, P L O T ,  CURVE, DlFQ2, POLAR 

WH R 

ARRA 

Functlons: FUN, S 

Cornpfler: WATFOR 

Executton tflne: 3 mIno/1Q0 t ime steps 



This program i s  r e l a t t v e l y  simple, The c o e f f i c i e n t s  i n  

the partrat d l f f e r a n t f a l  equatlon are oo~tputed f i r s t ,  The 

average temperature Is solved by System subroutine RTWl 

(usfng the Welgstein's method), Then the c o e f f i c i e n t s  for 

thar s i x t h  order algebraic equation are computed, The s i x  

roots a r e  salved by another system subroutine POLRT, The 

numerical value of t h e  a n a l y t l c  optimum spin  expression Is 

a1 so cal  cul  ated, 

Subrou t I ne5 : RTW i POLRT 

Functions: FCTo FCN 

Complier: FORTRAN G and H 

Executton t i m e :  0,a minute 
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APPENDIX I 

SPACE CURVE TRACE0 BY COMIC-PARTICLE 

BEAMS ON CYLINDRICAL TUBE 

the equation for a conic surface i s  obtained by 

rotattng a straOght line about an ax is ,  T h i s  conic surface 

can describe the subllmatlon from a tube inlet, 

A Ilfne In X-Z plane Is 

Z=x* t an@- h *t an9 

The surface generated about xah i s  

Z=tan’@~ (x-hf +v”> 
The! equatton for a cy8Ondrical tube i s  

2 2  
x * y  =R2 

With t h e  above PelatSans, the parametrfc equations f o r  the 

space curve o f  lntersectlon are 

x =( R‘ -4 g2h 

Y 4 R 2  “X 1 

Z=(h2+tfvgtan0 

e Ye 

where t 1s the  parameter 

These three equations ylelld the coordinates of a point on 

the space curve of tntersectlon, 

In this caseB t h e  reemission Is orlginated from the 
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comes from t h e  revolutisn o f  the 1 h e  

R-z+-z, 1 tang 

Where C;R,O,z,) Is the apex o f  t h e  eone and  8 i s  the 

angle between t h e  generating l I n e  and the z axis,  The 

cyllndrlcal surface o f  radius R i s  
2 2  x +y =Rr  

The resul tant  pararnetrte equatlsns for  the space curve o f  

Again, t Is t h e  parametero T h i s  resul t  Is useful f o r  

computation of t h e  fate-probabfl l ty  o f  reemitted par t ic les .  
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APPENDIX J 

DESCRI PT5 OMS OF COMPUTER PROGRAMS FOR 
THERMAL ANALYSIS OF THE ~ ~ C ~ ~ T ~ R U S T E R  

Sinca the temperature on any mash point at any t i m e  

step depends o n l y  on the temperatures of prevlsus time step, 

The transient; solutisn i s  obtafned by marching-out i n  timea, 

H~~wever ,  due te subllmatlon, the extreme mesh always 

dacreases i n  s)ze, As soon as the numerical stabillty 

arlterfen Os vlolatad, the mesh net lis rearranged, Towa r d 

the end o f  subllmotion, the rearrangement will Introduce a 

large disturbance, Alse, the t lma step has t o  reduce 

fr@quenly to insure stability, The surface and the bottom 

temperature and the fuel thickness are displayed graphically 

by PLOT, 

Subaout Bnes: OWTPTI, CURVEI,  ARRAY, PLOT 

Function: G 

Compiler: WATFOR 

Executdon time: 2,s mSn, 

Unl I ke the axpl I cst t method, the temper at ure 

dlstrlbutlsn On the fuel at any t i m e  has to be solved 

simultanaously, SInce the coefficient matrix i s  

trfdtegonel, a fast matrix factorlzattan method i s  adopted, 

The initial temperature dlstrlbutlon Is arbitrary set te be 

l inear ,  The method i s  numerically stable fo r  any mash sfze, 

HCgwevef, toward the&d, the mesh net has to b-e modified ts 
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two-point differenoe, A tamperary dfsturbanee d l d  show up 

In the surface temparatwre, As u s u a l b  the r e s u l t s  ark 

p l o t t e d  @Ut, 

Subrouttnes: MACFAC, OUTPUT, CURVE1, PLOT, ARRAY 

CempBler: WATFDR 

E X ~ C U ~ ~ Q ~  time: Smfn, 

I n  the analysls of a subl iming mierethruster, due t o  

t h e  e y l i n d r l a a l  symmetry, the temperature i n  a chapped Gene 

rn iers thrus ter  i s  a func t ion  o f  r and z o  The physical  

Problem Is best  described by the follePwIng diagram, Figure 

J o l a  The presence o f  subllmation, whlch Involves both  heat 

and mass t ransfer8 prevents the temperatures f rom reaehing 

s t e a d y  state, To apply  the AD1 technique, the cone cy l i nde r  

Is divtded I n t o  cmnvenlant mesh as shown i n  the 

cress-sectional diagram, Di f ference e q u a t i ~ n s  lmpl l c l t  In  

r -d8rc@t%on are requ i red  fer each POW as well as s im i la r  

differenma equattgns dmpl io l t  On z -d i rec t i on  f o r  saoh 

celumn, The diagram shows t h a t  there are e n l y  13 d i s t i n c t  

d i f fa ranae equablians far each d i r  c t l s n  ( l o e o b  temperature 

at  e t h e r  mesh p o i n t  can be e x p r e s s e d  by m e  sf ttp$ 13 

equatlwas), Thei r  farmulaitfens are strictly based on energy 

ne preblem should a r l s e  fer ddfference equatlans i n  the? 

center region, 

The general heat  eonduct %en 8s Q=-K*S*D* T o  For 

rectangular mesh S*D Is O o 5 A / ~ x  (note:: D Os depth, S=O05*cot9 
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., where 0 Is the angle subtended by the heat flew path 

(24ml 
The temperature a t  any mesh point  can be described by 

@ne e f  the 26 (2*13) dlf farenoe equatEonso A t  each time 

step, the ~ e r n p ~ r ~ t u ~ e  d is t r ibut isn  I n  the plane i s  obtained 

by selvfng the tmperoture  In the l i n e  repeatedly u n t i l  the 

plene Is covered, The d4rectlcm of the l i n e s  a l ternate  for 

each time step, The representative temperature p r o f i l e  8s 

shewn I n  Figure 3,2, The i t e r a t i o n  i n  z-direct ion i s  

performed In S u b r m t l n e  Z9fER and the I t e r a t i o n  I n  

R-directlm Is perfcrrnsd In Subroutine RITER, 

Subroutines: RITER, ZOTER, MATFAC, PARAS, PARAD# 

RADFOR, CURVE 

Func t 1 on : SUBM 

Compiler:: WATFQR 

Exccutlen time: Ig3 real tfms 

20 a 



FIG J.1 SCHEMATIC OF CHOPPED 
CONE MICROTHRUSTER 

r r 
T 
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APPENDIX K 

DESCR I P T I  OW OF COMPUTER PROGRAMS FOR 
RAREFI ED GAS RON-OBSTRUCT1 OM FACTOR 

ASter t n i t l a l  I z a t i o n  o f  the  necessary parameters, the 

reiattve amplitudes f o r  a l l  angular groups i n  the spher ica l  

@@sine are computed and storede than a p robab l l  O t y  ' t ab le '  

for reomf t t e d  msleculss 6s constructed, NOW, molacul es 

l e b f n g  the  peint  S Q U ~ C ~ B  are t raced successively, 

Symatr%t? propeattes arc! ut i t l fzed On order to save execut ion 

time whenever psssible, The molecular eoll i s i o n  e f f e c t s  are 

estfmated b y  calculating the molecular f l u x  and density i n  

t h e  channel f i r s t  and then approximated the f a t e  of the 

eoll tded nt~laclules. F i n a l  ly, the f a t e  o f  the adsorbed 

molecules a t e  eomputed w i t h  t h e  a i d  o f  the probobDlDty 

w$able80 The tstal  s x l t  molecules to the i n i t i a l  Onlet 

molecules r a t i o  Ps the des0 red mass non-obstruct ion fac to r ,  

Subrout8nes: A M P ,  C O L i  SN, XY, MOLCOL, DELAY, REEMIT ,  

XYZ3,  ITER,  TABLE, RGRAPW, X Y Z 2 e  XATER, 

RFLUX, DFLUX, REFLEP, B ISRCH,  SCATTER, 

CONE 

Cowl l e r :  WATFOR 

Exesutfen time: 1 min, 

the basic  technique i n  thSs program Is essentially the 

same as the prev ieus m e ,  However, the molecular c o l l i s i o n  

op t l on  Os replaced b y  t h e  sublfmlng surface ae f lec t l on  and 
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t h e  t h r u s t  coefflcisnt, Also, t h e  mesh cone i s  d iv ided  i n t o  

many equal ozllrnuthal segments whlch are d i f f e r e n t  i n  t h e  

c y l f n d r t c e l  case where  t h e  mesh cone 1s d iv ided  according t o  

the? Intersectfon of the mesh cone w i t h  the wall  r i n g  segment 
a 

r i n g s ,  For 90 cone angle ( f o e , ,  cylinder), the r e s u l t  .can 

check against those o f  previous calculations, 

Subrout I nes: H 1 T, CONREF,  CONCON, ANGPR, CONCEN, 

BISRCH, COMEMl 

Functlsns:: CNITER, CENTER 

Compllllers: FORTRAN G, H and WATFOR 

ExecWOon time: Q o 7  m i n ,  



APPENDIX L 

SUB L I MAT 1 ON PRESS UR E 

In ca laulat ing the sublfmatlon heat f l u x  or mass flaw, 

tho pressure term always arllses, The pressure depencence on 

temperature Os derived below, The f r e e  energy changes i s  

csnstant f er  bath the solfd and the gas phases a t  

subltmatton for  small changes On P and T, therefore 

dGsV,dP-S,dT=V, dP-S, dT 

A or dP/dT-S/4! 

I f  t h e  l a t e n t  heat o f  sublimation i s  f-&@ A S  Ss simply ~ 

, ,  

Hs/T, Assumlng the ldeal gas law8 the fol lowing approxirnatfon 

can be obtained, 

This  is the common pressure-temperature relat ionship f o r  
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APPENDIX M 

NOMENCLATURE 

A ,6 ---sub1 lmatSon constants 

AU ---astronomiaal u n i t  [ r a d i u s  of earth orbit) 

Z 
B ---K/ R 

c ---speed o f  1 lght; heat capacli t y  

G 

M 

H S  

'SP 

I 

k 

K 

1 

L 

m 

M 

---Rlt@/~,r; mass flow r a t e  

---angular momentum 

---heat of sub1 iimatlon 

---moment of t ner t  0 a 

---solar constant t heat f 1 uxl 

---spec 1 f i 

---thermal conduct Ivil ty ;  B Q ~  tzmann's constant 

---non-sbstruetlon factor  

.---ehannell iength 

---sub1 tmtng f u e l  height 

---particle mass 

---molecular welght; temperature amp1 1 tude factor  

i mpul ss 

Mc ---msrnent or tw-que ampanent i n  1-direction 

11 - - -parttcle dens%ty; neutron 
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P P O D -  Pressure; ~ ~ ~ ~ n t ~  

9 tu ---heat stmrcc 

q”,q ---haat f l u x  

rd ---a1 pha range 

R - - -~yl l incir l i~z~I  r a d i u s  

Rf,.,s ---radt@fsstogla heat f l u x  

S --specular r e f l e c t i o n  cmeffictent 

t --- t !l me 
T ---temperature; k l n e t i c  energy 

Ta v g  ---everage temperature 

V 

w* 
oi 

8 

6 

c 

P 
P 

- - -particle speed 

---melecuiar weight 

---evaporation coeffecient; alpha par t ic le ;  absorptivity 

- - - ref leet ian eoeffleicnt; s p m : f f i c  heat r a t i o  

---diffuse reflection coeffic8ent 

---em%ssav?i c y  

---dens 0 t y  

---Stafen-Bol tznann constant; molecular cross-sect I an 

---precesstan 

---tnaxImum t ~ ~ p ~ r ~ t u r e  phase l a g  

---angle between f igure  ax9s and the sun-l i ne 

---spin rate!?; angular s p e e d  o f  body 

---nin~rnwn temperature phase l a g  

---ong;ul a r  speed of body axes 

---mean f ree  path; decay constant 

--Ip 1, Cos*/ ( 26 rTa.4 3 
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LlSTlNGS OF SOURCE PROGRAMS 

The computer codes develeped for t h e  present 

studles were a l l  prsgrammed uslng the FORTRAN-IV 

language, Except foe the  Optimum Spin Rate pregramB a l l  

codes have been successful ly  run under the WATFOR 

eomptler, HoweverB the present  FORTRAN G and H 

I la  rs  have shown d i f f  1 cut t 1 es t o  aceep t 1: he codes 

whfeh are usua l ly  n e t  optimized, They contain some 

redundent statements Isf t aver dur I ng debug-per1 od, The! 

listing of  the codes and some sample data a r e  included 

I n  the  o r i g i n a l  t h e s i s  on f i l e  Pn N I T  L ibrary ,  A I  1 

eddes were punched by t h e  IBM 029 key punch and they 

were run on the ISM 360665 processor, 


